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SOLID FUEL FLAME SPREAD AND MASS BURNING

IN TURBULENT FLOW
by

Liming Zhou

ABSTRACT

An experimental study has been carried out to investigate the controlling
mechanisms of solid fuel flame spread and ness burning in turbulent flows. The
effects of flow velocity, turbulence intensity and buoyancy on concurrent and opposed
flame spread rate and surface regression rate have been examined in both floor and
ceiling configurations. It is found that for opposed flows, the flame spread rate of
thermally thick PMMA sheet increases initially with the flow velocity, reaches a peak
value and then decreases as the flow velocity increases further. The flow turbulence
effect is to increase the flame spread rate initially and then decreases it at higher
turbulence intensity. The flame spread rate of thermally thin paper sheet in an
opposed flow decreases monotonically with the flow velocity and turbulence intensity.
The flav turbulence also has a significant effect on the flame extinction conditions,
resulting in a smaller extinction velocity for larger flow turbulence intensity.

For concurrent flow flame spread, it is found that the flow turbulence
decreases the flame spread rate for both floor and ceiling geometries, mainly as a
result of the flame length shortening at high turbulence intensity. It is also found

that flow velocity intensifies the spread of the flame. The experimental data of flame



spread rate, flame length and surface heat flux agree well with the formula obtained
from a simplified thermal model, indicating that the heat transfer from flame to solid
surface is the dominant controlling mechanism in the turbulent concurrent flame
spread and, that the gas phase chemical reaction is of secondary importance.

For solid fuel mass burning, it is found that the solid fuel surface regression
rate decreases with the downstream distance and the flow velocity in both floor and
ceiling configurations. The flow turbulence increases the surface regression by
enhancing the mixing and bringing the flame closer to the solid surface. Empirical
correlations between the non-dimensional surface regression rate and the non-
dimensional flow parameter are obtained, which indicates the possibility of
incorporating the flow turbulence intensity explicitly in a non-dimensional analysis
or a numerical simulation of the problem.

The results from floor and ceiling geometries are compared to determine the
effect of buoyancy on flame spread and mass burning. It is shown that for ceiling
configuration, buoyancy enhances the heat transfer from the flame to the solid
surface by pushing the flame closer to the wall. However, it also causes the gas
phase chemical reactions to proceed less completely through insufficient gas mixing

and surface quenching,

ALY

A. C. Fernandez-Pello

Chairman, Dissertation Committee
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Chapter 1  Introduction

1.1 General Statements

The problem of a flame spreading over a solid combustible surface has been
receiving much attention for the last two decades and extensive studies have been
conducted to better understand the phenomenon [1] (2]. There are two main
motivations for the persistent effort on this subject. First, the study of solid fuel
flame spread can improve our fundamental understanding of the physical and
chemical mechanisms that govern the process [3]. The results from these studies can
provide us insights to the interaction of various controlling mechanism of other
reacting flow problem and broaden our knowledge about combustion in general.
The more important reason that has motivated the large quantity of work in thisfield
is the practical significance of flame spread studies on fire prevention and control in
real life situations. Hazardous fires caused by nature or human error can be found
almost anywhere and at any time, which bring very large amount of material damage
and tragic human loss. Meny o those fires fall into the category of solid surface
burning, such as the fires in buildings, vehicles, and forests. A thorough
understanding of the mechanisms controlling the fire propagation process is essential
to conduct more reliable material flammability tests, to design structuresthat are less
prone to hazardous fires, and to extinguish fires faster and safer [4).

Many real fires involve diffusion flames spreading over the solid combustible

surfaces such as the vallls and ceilings of a building (S]. The spread of a flame is the
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result of complex interactions among heat and mess transport processes and chemical

reactions taking place in the gas and solid phases. Flames are usually initiated at
small areas of the fuel surface by external heat sources such as a radiation heat panel
or a strong electric spark. For the resulting flame to be self-sustained and
subsequently to propagate over the surface of the solid combustible, sufficient fuel
vapor has to be produced to join the reacting flame zone, which requires that a
certain amount of heat be transferred from the flame to the unburned fuel surface.
This incoming heat flux raises the fuel surface temperature to the pyrolysis point and
provides the necessary energy for the subsequent pyrolysis. The fresh fuel vapor is
diffused and convected to the flame region where it mixes Wi the oxidizer from gas
flow, and exothermal reactions then take place in the reaction zone. In order to
maintain the flame spread process, certain conditions have to be met in two
operations: the heat transfer from the flame to the unburnt fuel and the gas phase
chemical reaction. These two mechanisms are considered as the primary controlling
factors governing most flame spread processes (6]. The effects on the flame spread
process of various parameters such as gas flow velocity and turbulence intensity,
atmospheric oxygen concentration, external radiation source, fuel type and size are
often expressed in terms of their individual contributionsto the two main controlling
mechanisms.

Different types of flame spread processes can be grouped into two main
categoriesbased onthe relative direction of the propagating flame to the gas oxidizer

flow: flame spread in gas flows moving in the opposite direction of the flame
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propagation, and flame spread in the gas flows moving in the same direction as
thatof the flame. In the first case, as shown in Fig. 1.1, the flame front is usually
distinctive and well-behaved and the flame propagates rather slowly because the heat
transfer from the flame to the unburned fuel is hindered by the opposing gas flow.
In the second case, as shown in Fig. 1.2, the gas flow drives the diffusion flame ahead
of the pyrolysis region of the solid surface and largely enhances the heat transfer
from the flame to the fuel. Therefore, the concurrent flame propagates much more
rapidly than other cases and is known as the most dangerous type of flame spread.

Extensive studies have been conducted both analytically and experimentally
in order to study opposed and concurrent flame spread processes [6] (7). One
frequently used approache is to isolate the effects of individual parameters and
concentrate on the influence of one parameter at a time for the sake of simplicity.
Among most frequently studied is the effect of gas flav velocity, external radiation,
oxygen concentration, buoyancy and fuel sample dimension. A relation to determine
the flame spread rate can be obtained from a simple energy balance at the fuel

surface [5] [8]:

pV, AN 3 =¢"1 (1.1)
where p is the fuel density, V, is the flame spread rate, 6 is the thickness of the
pyrolysis layer, 1is the length of the surface region exposed to heat fl, q is the
energy per unit area per unit time transferred across the surface, and Ah is the
critical enthalpy increase per unit mass of fuel needed for ighitian to occur. The

critical enthalpy can be determined by employing a critical temperature such as the
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pyrolysis temperature of materials:
Tc
Ah = [(* ¢, dT (12)

where T, is the initial temperature of the fuel and ¢, is its specific heat. If
approximations for p, ¢, and T, are available, then the problem of obtaining V, is
reduced to one of studying the heat transfer mechanisms that determine g. More
complete literature reviews are presented in the later chapters on the different topics
discussed there. Excellent review papers (1 - 3] [6] [7]have been published on the
progress of the studies of flame spread problems.

Once the flame front has spread over the solid fuel surface, mass burning
process takes place subsequently. In this phase of a developing fire, the heat
continuesto be transferred from the flame to the solid surface and the fuel pyrolysis
continues on. As the result of the continuous pyrolysis of the solid combustible, the
fuel surface recedes inward. The study of mass burming includes determining the
basic information such as surface regression rate, flame stand-off distance, heat
release rate and flow structure, etc. It also provides the non-dimensional parameters
that properly Scale and describe the physical systems. Emmons [8] established the
foundation for the modem study of the mass burning process by solving the problem
of a buming liquid fuel surface in a forced oxidizer flow. Since then many more
studies have contributed to the further understanding of the mass burning process

and its application in fire research.



1.2 The Specific Objectives of the Study
Most of the existing studies on solid fuel flame spread and mess burning have

been carried out under laminar flow conditions. Less attention has been paid to the

turbulent flame spread and subsequent mess burning process due to the complication
introduced by flow turbulence. However, most conventional fires take place in
turbulent flows caused by external forces such as wind and indoor ventilation, or by
strong natural convection induced by the large temperature gradient existing in the
combustion zone. The lesser understanding of the turbulent problem and relatively
scarce information on this subject have provided the incentives for conducting the
current work the solid fuel flame spread and mass burning in turbulent flows.

The main objective of thiswork is to investigate experimentally a diffusion
flame established over a solid fuel surface in a turbulent environment, focusing on
its propagation and subsequent mass burning process. The present study VWill be
conducted in the order that follows.

(1) An experimental study of flame spread over thermally thick PMMA and
thermally thin paper sheets in an opposed turbulent air flow is conducted to
examine the effect of flow velocity and turbulence intensity on the flame
propagation rate and the flame extinction condrtians.

) An experimental study is conducted to determine the flow velocity and
turbulence effect on the flame spread rate of PMMA sheets placed in floor
configuration in a concurrent air flow. The measured flame spread rates are

summarized with a simplified analytical model.



(3)

(4)

8

Experiments are carried out to study the mess burning process of PMMA in
floor configuration in a turbulent air flow. The surface regression rate is
measured as a function of the flow velocity and turbulence intensity.
Empirical correlationsbetween the mess burning rate and flow parametersare
derived fran the experimental data with a phenomenological analysis.

Experiments are carried out to study the flame spread and mess burning of
PMMA sheets in ceiling geometry, focusing on the effect of buoyancy. The
ceiling flame spread rate and surface regression rate of PMMA sheets are
measured as functions of the flov parameters. The ceiling and floor results

are compared to determine the buoyancy effect.



Chapter 2 Experimental Apparatus

21 Introduction

The experimental facility is designed to provide a versatile and easily
controlled test means with various diagnostic capabilities for the purpose of
investigating flame spread and mass burning process of a solid combustible. In
accordance with the main objectives of the study, the test installation should be able
to produce air flows with adjustable flaw velocity and turbulence intensity and to
facilitate accurate measurements of flow parameters and solid surface temperature
histories that are essential for further investigation.

An overview of the experimental setup for opposed flav experiments can be
seen in Fig. 2.1. Similar setups used in other experimental conditions will be shown

in later chapters.

22 Wind Tunnel and Test Section
22.1 Wind Tunnel and Flow System

The wind tunnel provides a steady air flow with low turbulence. It consists
of five parts as shown in Fig. 2.2 :

(D A premixing section made of a circular tube of 4 inch in diameter and a
mixing chamber with a dimension of 7 inch x 12 inch x 8 inch. The round tube has
two sections of 6 inch and 12 inch in length, respectively. The 6 inch section of the

tube is connected to the wind tunnel and filled with honeycomb material of 1/4 inch
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12
in side length. The premixing chamber laminates the incoming air flow and reduces

the flow turbulence.

(2) A section with a dimension of 7 inch x 12 inch x 2 inch filled with glass
beads of 5 mm in diameter. Mesh screens are placed at the two ends of the section.
This section is used to reduce the local Reynolds Number and homogenize the flow.

(3) A section 12 inch long for laser Doppler velocimeter seeding. It provides
the space for small alumina particles to mix thoroughly with the main flow.

(4) Another section 12 inch long filled with honeycomb material with a
dimension of 1/4 inch in side length. This section further reduces the flow
turbulence.

(5) And a converge section as shown in Fig. 2.3. The cross sections of the
inlet and the outlet are 7 inch x 12 inch and 3 inch x 5 inch, respectively. This last
section of the wind tunnel serves to decrease the flow turbulence to a minimum
value.

Air supplied by an centralized air compressor is used as the oxidizer for all
the tests of this work. Two pressure regulators and an oil filter are utilized to
stabilize and clean the air flow, and pressure gages are used to monitor the flow
coditions.  Flow rate can be controlled with a main valve and a fine-adjustment
valve manually. The air compressor also supplies the driving air flow needed for
LDV seeding. A cylinder of compressed nitrogen is connected to the fllav system
and the nitrogen is used to extinguish the flame in the test section when an

experiment has finished.
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The flow system described above can provide air flows with mean velocity

ranging from 0.2 to 5 m/sec.

2.2.2 Turbulence Generating Section and Perforated Plates

This section is 6 inch long and has a cross section of 3 inch x 5 inch as shown
in Fig. 2.4. It is made of plasticglass 1/4 inch thick and is placed between the wind
tunnel exit and the test section. The main function of the section is to house
perforated plates which are used to introduce turbulence to the passing air flov. The
frame holding the perforated plates is firmly placed inside the section to reduce
possible vibration of the plate caused by the flow pressure, which could result in
irregularities in the downstream flow field.

Various perforated plates with different hole size and spacing distance are
tested to generate desired turbulence intensities in the flow. The plates used for the
experiments are made of 1/16 inch thick aluminum sheet and have a dimension of
3inch by 5 inch. A typical perforated plate with dimensions is shown in Fig. 2.4.
The horizontal and vertical distancesbetween holes are d; = 6 mm and dy, = 7 mm,
respectively. The turbulence intensity depends on the flowvelocity, the geometry and
the position of the perforated plate. The hole sizes and their correspondent
turbulence intensities at various flow velocities are presented in Table 21. The
turbulence intensity, v’ /U, is calculated as the ratio of the fluctuating flow velocity
and the mean flow velocity. The distributions of flow velocity and turbulence

intensity are discussed later.
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Table 2.1 Hole size and correspondent turbulence intensity (%).

Hole Size r, (mm)

U = 025 m/s 45 9.6 13.9
0.50 m/s 4.8 9.2 142
0.75 m/s 51 9.5 153
1.0 m/s 5.6 9.8 144 20.8
2.0 m/s 5.5 95 14.2 19.1
3.0m/s 54 105 14.6 19.5 26.7
40 m/s 6.0 10.4 15.7 21.1
45 m/s 6.2 11.1 16.3 222

16
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2.2.3 Test Section and Ignition System

2.2.3.1 Test Section

The test section shown in Fig. 25 is 24 inch long and has a rectangular cross
section of 3 inch by 5 inch. The side walls are made of 1/4 inch thick, high
temperature resistant Pyrex glass to provide access for visual observation and optical
diagnostic path. The floor and ceiling of the test section are made of 1 inch thick
Marinite slab and /4 inch thick aluminum plate, respectively. For thermally thick
fuel experiments, a steel holder is used to embed fuel sheets flush in the Marinite
floor. For thermally thin fuel experiments, the fuel sheet is fixed on another holder
which is placed in the middle of the air flow.

The test section can be turned upside down, therefore, both floor and ceiling

burning experiments can be conducted.

2.2.3.2 Ignition Arrangement

The ignitor for thermally thick fuel experiments is placed flush with the fuel
surface in the metal holder with one side in fmm contact with the front edge of the
fuel sheet, as shownin Fig. 25. A ceramic tube of a nearly rectangular cross section
Is used as the ignitor body, which is wrapped with Nichrom wire of 002 inches in
diameter. The total electric resistance of the wire is 10 ohms. The Nichrom wire is
connected to a Variac and the output voltage is set at 30 to 40 V which generates a
power output of 90 to 160watts. To start an experiment, the output voltage fram the

Variac is increased gradually from zero to the full scale in about S to 10seconds, and
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then is kept at that level until the front edge of the fuel sheet is ignited. The ignitor

first heats the fuel and brings the fuel temperature to the pyrolysis point, and then
the hot Nichrom wire surface ignites the fuel vapor in the air. Depending on the test
conditions, the entire ignition process takes approximately 40 seconds. The ignitor
is turned off as soon as the flame is started on the fuel surface.

The ignition in thermally thin experiments is achieved by a single Nichrom

wire placed on the fuel surface.

2.2.4 Exhaust Section

This section is designed to homogenize the species concentration distributions
in the exhaust gas flow which makes it possible an accurate measurement of the gas
concentrations. The exhaust section is made of a 1/8 inch thick steel pipe 48 inch
long with a rectangular cross section of 3inch x 5 inch. TO ensure a complete mixing
of the gas flow, four mixing plates of different geometric shapesare placed inside the
section as shown in Fig. 26. These plates disturb the exhaust flow and generate
sufficient turbulence in the flav by changing the flow path, therefore, a uniform gas

concentration distribution can be achieved.

22.5 Test Tables
Two optical tables made by NRC are used to provide stable surfaces to hold
optical diagnostic components. A three-dimensionally movable platform made from

a milling machine is placed between the fixed optical tables. The wind tunnel and
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the test section are mounted horizontally on the movable table. The movement of

the 3-D table is driven by three stepping motors which can be controlled either

manually with a control box or automatically with a computer.

2.3 Fuel Arrangement
Two kinds of solid materials are used to represent thermally thick and

thermally thin fuels in the experiments.

23.1 Thermally Thick Fuel

Thermally thick fuel samples are made of PMMA (polymethylImethacrylate)
sheets manufactured by Rohm-Hass (Plexiglas G) with a dimension of 3 inch x 12
inch x 1/2 inch. Fig. 25 shows the position of the fuel sample in the test section.
The PMMA sheet is clamped to a steel bed which has holes on its back to allow
thermocouple wires to pass through, as shown in Fig. 2.7. The tight clamping is to
prevent the PMMA sheet from buckling in the process of burning. An accurate
experiment of solid surface combustion requires that the material retain its physical
integrity and do not soften or melt noticeably during combustion. Solid combustible
that possesses these characteristics are few, among the conventional polymeric
materials, only P MM A satisfies these requirements. PMMA has rather uniform and
well-documented properties [9] [10], and in addition, it produces little char during
buming. Many previous studies on this subject have used PMMA as the thermally

thick fuel. Based on the above knowledge, PMMA is chosen to represent thermally
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thick fuel in this study.

232 Thermally Thin Fuel

The fuel used for thermally thin fuel tests is 0.33 mm thick Whatman filter
paper with a dimension of 35 inch x 12 inch. The paper sheet is mounted on a
metal frame with 24 spikes placed 1/2 inch apart on each side, as shown in Fig. 2.8.
The paper sheet is pushed onto the spikes which hold the paper in slight tension to
provide a flat surface which favors a uniform ignition and burning. The holder
positions the paper sheet in the middle of the flow in the test section. The paper
sheets are dried and kept in an oven for about forty-eight hours prior to the

measurements.

2.4 Laser Doppler Velocimeter

Instantaneous measurements of the gas flow velocity are made possible with
a one-dimensional Laser Doppler Velocimeter operating in the dual-beam
(differential configuration) and forward scattering mode. The LDV system mainly
cosists of an argon-ion laser, transmitting optics, receiving optics, a photo-multiplier

and a counter type data processor.

24.1 Operation Description
The LDV system uses the Doppler phenomenon, namely, the change or

apparent change in the frequency of wave motion (electromagnetic or any other type)
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25
due to the relative motion of the source and receiver. The same principle can be

conveniently extended to the case where the frequency shift is produced by the
movement of an intermediate inert object through which wave motion is transferred
from a source to a receiver. This is the usual situation in laser Doppler
measurements of flow velocity.

The Doppler shift derivation can be seen from Fig. 2.9(a). To perform this
calculation rigorously, it is necessary to use the relativistic transformation formulae
of space and time coordinates from one observer to another moving with constant
relative velocity. From [11] it is shown that the frequency detected by the receiver

moving at a velocity v relative to the source is

W (1 .Y cosﬂ) @2.1)

T-via\ ¢

where ¢ is the light speed and 8 is the angle of the relative velocity.

And the difference of the frequenciesis

Av = v/ -y =y (1l 0c) cos® (2.2)
1 -v¥c? .
which can be approximated to
Av =v/ -v =v < cosb 23)

for non-relativistic case (v << C).

In laser Doppler velocity measurements, the mainly concerned is the
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frequency shift of light scattered from a moving object while the source and the
observer being relatively stationary to each other. This may be considered as a
double Doppler shift (12], fran the source to the moving object and then from the
object to the observer. In Fig. 2.9(b) a light wave comes from a source S and is
scattered by a moving object P, and the scattered light then is observed at Q. From

Eq. (2.1), the frequency observed by P is

v

VTP — (1 + ¥ cose,) (2.4)

/l - v2Ic2 c

Light of this frequency is re-emitted by P and received at Q as

o = y1 - v¥c? (2.5)
1 - (v/c) cosB,
Thus,
\,_// ) 1 + (v/c) cosB, (2.6)
v 1 - (v/c) cosB,

If the moving velocity of P is stalll compared to the light speed and a and g are

defined as » - (8, * 8,; and (8, - 8,), respectively, we have

Av n

vi-v = V—Cv(cose1 + cos0,)

- EVE!(cose, + c088,) 2.7)

|
£
B
|
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It is shown that the Doppler shift depends on the sine of the half the angle

of scattering and on vcosg which is the component of the moving velocity in the
direction of the scattering vector. This formula is usually written in terms of

wavelength:

A - a
Av = = Sin= 2.8
v 2 cos P 5 (2.8)

If the Doppler shift is large enough it is possible to detect and measure the
shift frequency directly with a conventional spectrometer of high resolution.
However, in most LDV applications, the Doppler shift frequencies are usually in the
range of 10kHz to 10 Mhz which are beyond the resolution of conventional optical
spectrometer and not suited for direct measurements [13]. Therefore, most laser
Doppler measurements have to make use of the technique called optical beating or
interference in one form or another. Heterodying or time-dependent interference
of two optical beams describe the phenomena in which two signals with close
frequencies f; and f, are added to give the resulting signal which has a wave front
amplitude modulated at (f; - f,) due to the alternating constructive and destructive
interference of the two signals. TS new wave front has much smaller frequency
which can be easily detected by conventional electronic devices.

The differential doppler or duel beam technigue is employed in this study,
which means that the optical beating takes place between two beams scattered at
different directions. The beat signal has a frequency equal to the difference between

the two Doppler shifts generated by two beams scattered at different angles. As
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shown in Fig. 2.9(¢), the scattering volume is illuminated simultaneously by two

focused beams of similar intensity and inclined at an angle a. The scattered light is
observed in a third direction. The Doppler shifts on scattering to the detector from

the two beams are given by:

Av

XY (cosH, + cos8,) (2.9)
C

and

Av’ % (cosei + cos@,) (210

Thus, the difference frequency f, observed by the detector is

f=Av -Av =

[
|
—~
8
@
1
8
2
\ 4

2.11)

where a=(8,’ - 8,), the angle between the illuminating beams and g=(8, *+ 6, -x)/2,
the angle the direction of motion makes with the normal to the bisector of the
beams. For the measurements in this study B is set at 90 degrees. Eq. (2.11)
demonstrates that the dual beam Doppler frequency is linearly proportional to the
particle velocity and the sine of the half angle. It is important to note that the
interference frequency is independent of the direction of reception, which makes it
possible to use a large aperture without reducing resolution. This LDV mode is
particularly suitable for the measurements in gas flows where low particle

concentrations are usually expected.
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2.42 Laser and Optical System

The LDV optical arrangement can be seen in Fig. 2.10. An argon-ion laser
is used to provide the coherent light source for the LDV system. The laser made by
Spectra-Physics (Model 165) has a maximum power output of 1watt and the main
wavelengths are 448.0 and 514.5 nm. For the experiments in this work the laser is
operated at the power output of 0.2 watts and the wavelength of 488.0 nm.

The transmitting optics can be divided into two main parts:

(1) A prism type beamsplitter with equal optical path-lengths for each beam.
It splits the incoming laser beam into two parallel beams each of which is 25 mm
from the entering beam and has equal intensity.

(2) A cemented doublet achromats with dielectric, multi-layered and anti-
reflective coatings. It brings two out-going beams from the beamsplitter to its focal
point. The focus length of the transmitting lens is 600 mm and the half angle of the
two crossing beams is 245 degrees. The resulting probe volume is also shown in Fig.
2.10 and has 64 fringes with 6.27 um in spacing. The length and diameter of the
measuring volume are 1.96 mm and 0.39 mm, respectively.

The beamsplitter and the transmitting lens are supported with two rotating
mourts which enable the whole assembly to rotate 360 degrees continuously.

The optical collecting system also consists of two parts:

(D) A transmitting lens with a focal length of 250 mm which collects the
optical signals and brings them to the receiving assembly.

(2) A receiving assembly made of a series of lens which focusesthe collimated
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light from the collecting lens onto the photodetector aperture which is mounted

directly in the optics assembly for on-axis back-scattering. The adjustable focal
length of the assembly provides a relatively easy means for adjusting and aligning the
LDV system. The quality of alignment can be examined through an eyepiece (a x7
magnifier) by viewing the focused scattered light through the receiving unit.

A photomultipiler is firmly attached to the receiving assembly. The
photodetector system has high quantum efficiency, and the side window configuration
of the device makes the alignment convenient.

The entire optical system is carefully aligned and rigidly mounted on the
optical tables. All the supporting optical components used in the experiments are

made by TSI.

2.43 Signal Processor

The raw voltage signals from the photomultiplier are transmitted to the data
processor where they can be read and processed. Due to the very intermittent nature
of LDV signals in applications to gas flows, counter type data processor is selected
in thisstudy to measure individual burst of LDV signal on a particle-by-particle basis
over a relatively large range of particle concentrations and flow conditions. The
basic principle governing the counting technique is for the processor to measure the
time for either a fixed number or for a complete burst (variable number of doppler
cycles) from which the particle velocity (i.e. the flaw velocity) can be deduced with

the additional information of the cycle number and the fringe spacing. The diagram
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in Fig. 211 shows the simplified version of this process [14]. A raw LDV signal is

filtered to eliminate the low frequency pedestal and a symmetrical signal is
generated. Then the filtered signal enters a Schmitt trigger which converts the input
frequency signal above a certain amplitude into a square wave. The resulting square
wave is timed against a high speed clock and the time duration for a certain number
of squares to pass is measured. The frequency, therefore, can be calculated simply
as

f = -E; 2.12)

where f is the Doppler frequency, N is the cycle number and At is the time duration
measured.

The data processor used is made by TSI (Model 1980) which operates with
a timer of 1nanosecond resolution. The manual 8 cycle counter mode of the data
processor is applied for most experiments.

The LDV signalsand the sampling data rates are also continuously monitored
on a Hitachi V-352 oscilloscope and a Fluke 1910A multicounter during the

experiments.

244 LDV Seeding

The LDV technique relies on the presence of suitable particles in the flow
which produce the necessary amount of scattered light for frequency measurements.

The basic requirements for choosing scattering particles are that they
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(1) follow the flow sufficiently close and make least disturbance to the flow.

(2) scatter enough light to give an acceptable signal to noise ratio from the
detector under the conditions of the experiments.

Other factors such as the type of fluid problem being studied, the velocity
fluctuations expected and the data collecting technique used also affect the selection
of the particle type [13]. Based on these criteria, aluminum oxide power
manufactured by Union Carbide is used as the flow marker. The powder particles
are 0.3um in diameter.

The seeding system can be seen in Fig. 212. Filtered air flow from the
centralized compressor is used to drive the alumina powder stored in a cylindrical
container. The air flov is introduced to the particle container through a nozzle
connected to its side wall and a swirling flav is generated inside the container. The
bottom half of the container is filled with the fine alumina powder and the small
particles are forced by the circular flav to gush through an opening on the top cover
of the seeding chamber. The air flav carrying small particles then passes through
the particle distributer inserted to the mixing chamber of the wind tunnel. The
particle distributor s made of a circular brass tube 7 inch long and 1/2 inch in
diameter with 12 holes (1/12 inch in diameter) evenly spaced on its side. The holes
on the distributor are positioned to face the main air flow in the wind tunnel in order
to create a better mixing of the particles and the main flow in the mixing chamber.
The air flow used to carry the particles accounts for less than 10% of the total flow

in most cases.
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25 Interferometer

A Mach-Zehnder interferometer is set up for the opposed flow flame spread
experiments. The schematic diagram in Fig. 2.13 illustrates the optical layout. The
argon-ion laser for the LDV system is also used here to provide a coherent light
beam at wavelength 488 nm for the interferometer. An optical splitter plate S,
permits half of the light to be transmitted to mirror M, while reflecting the other half
toward the mirror M;. Two beams are expanded and collimated with a set of lenses
The test beam passes through the test section while the reference beam travels an
alternative path of approximatelyequal length. The two beams are brought together
again by means of another splitter plate S and eventually focused on a camera. The
optical length difference of the two beams is proportional to the difference of the
refractive index of the test and the reference path. The relationship between the

optical length and the gas density can be proved as following [15]:

AL =C AT (2.13)

where L is the optical length, T is gas temperature and C is a constant. Therefore,
the resulting interferograms should indicate the temperature variations in the test
region. The collimated beam going through the test zone has a circular shape of 2
inch in diameter. The lenses L,, L, and L, have focal lengths of -200 mm, 600 mm

and 300 mm, respectively.

2.6 Schlieren Photography

A schematic of Schlieren system used in concurrent experiments is shown in
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Fig. 2.14. A tungsten lamp is used to provide the uniform white light source through

a slit opening. A condenser lens with a focal length of 40 mm is placed in front of
the light source to focus the light onto the focal plane of the first spherical mirror
M, -Mirrors M; and M, are used to reduce the space the Schlieren system occupies.
Both spherical mirrors are 0.508 m in diameter and have focal lengths of 3.96 m.
The angles of tilt of both mirrors are about 10 degrees. The first mirror is placed
4.12 m fran the center plane of the diffusion flame while the second one is 4.17 m
away. The collimated light beam has a circular shape with a diameter of 0.45 m.
A knife edge is placed on the focal plane of the second spherical mirror. Both
rectangular and circular knife edges are tested for the experiments. The rectangular
knife edge is made of a razor blade and the circular one is an adjustable iris
diaphragm. It is found that the rectangular knife edge results in higher resolution
than the circular one namnly due to the horizontal configuration of the experiments.
A 35mm SLR camera (Nikon FM)is used to record the still Schlieren images
and interferograms, and both black and white films (Kodak Tri-x 400) and color slide
Tahs(Kodak Ektachrome 160)are used. Various shutter speedsare tested to aotain
the sharpest resolution possible and it is found that 1/500 second gives the best
result. Also used is a Sony 99 video camcorder which records continuous Schlieren

images of reacting floss.

2.7 Flame Spread Rate and Mass Burning Rate Measurements

Flame spread rates can be calculated from the solid fuel surface temperature
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histories measured at eight locations on the fuel surface, as shown in Fig. 2.15. K-

type thermocouples made of 0.03 inch diameter columel and alumel wires are used
with their junction beads carefully soldered flush on the fuel sheet surface, as shown
in Fig. 24. The distance between two neighboring thermocouples is 3L.5 mm. It is
assumed that the time when the surface temperature is raised to the pyrolysis
temperature corresponds the arrival of the flame front. The time duration for two
consecutive thermocouples to reach the pyrosis temperature can be deduced from the
surface temperature history. The flame spread rate can then be calculated from the
time duration and the known distance between the two locations. The voltage output
of the thermocouples is amplified with a universal analog input sub-multiplixer
(Model EXP-16) made by Metrabyte with an automatic cold-junction compensation.
The gain of multiplixer is set at 100 for all the tests. The amplified analog signals are
then sent to a high speed A/D converter and timer counter interface (Model DASH-
8) and converted to digital signals which can be processed further by the IBM-PC AT
computer. The maximum data processing rate of DASH-8 is 4000 sample/sec. For
slow flame spread process as observed in most opposed flow cases, the flame spread
rate can also be determined by visual observation of the pyrolysis front and recording
the time of flame front arrival manually with a stop watch.

For the mass burning experiments, the combustion is kept for an extra amount
of time after the flame has spread over the fuel surface. After a burning test has
finished, the burnt sample is cut into half along the longitudinal line and its surface

is slightly smoothed for a uniform thickness measurement. Then the solid fuel
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thickness is measured at the positions along the center line. The fuel surface

regression rate is calculated by dividing the sample sheet thickness difference before
and after the burning by the effective burning time that can be obtained fran the
surface temperature histones by subtracting the time of pyrolysis front arrival from

the total burning time.

28 Gas Concentration Analysis

The exhaust gas collecting and analyzing system includes an oxygen analyzer,
four infrared gas analyzers for CO, CO,, NO and unburnt hydrocarbons, a sampling
probe and necessary plumbing as shown in Fig. 2.17.

The oxygen content is measured with a Beckman OM-11 Oxygen Analyzer
which consists of a pickup head containing a polarographic oxygen sensor and a
console with the major portion of the controls and electronics. The oxygen sensor
is made of a gold cathode 004 inch in diameter and a silver anode. These two
electrodes are mounted behind a permeable membrane which permeates diffusion
of oxygen for the measurement. In operation, a polarizingvoltage is applied between
the two electrodes and the resultant current flav is directly proportional to the
oxygen partial pressure to which the sensor is exposed.

Other major species, CO, CO,, NO and unburnt hydrocarbons, in the exhaust
gas are measured with non-dispersive infrared gas analyzers made by Horiba (Model
AlA-21). Based on the principle of infrared absorption, the instrument can

continuously measure the concentrations of the components in a sample stream. A
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sample cell and a reference cell filled with non-absorptive gas are arranged in

parallel and two infrared beams from dual collimated light sources pass through the
cells. The portion of the infrared radiation absorbed is proportional to the
concentration of the species being tested in the sample cell [16]. The intensity
difference between the sample beam and the reference beam after passing gas cells
are measured and then converted to the concentration data.

A sampling probe made of 1/4 inch diameter aluminum tube is inserted to the
exhaust section and a pump are used to supply the continuous exhaust gas flow to the
analyzers. A series of tests are performed to determine the optimum shapes and
positions of the mixing plates in the exhaust section in order to produce a uniform

spatial distribution of the gas concentrations.

2 3 Data-acquisition and Test-control Software

A data-acquisition and test-control software has been developed in C
especially for this study to accommodate the need of instantaneous velocity and
temperature measurements and flaw field mapping. The programs are written in
menu-driven Style for IBM-PC AT computer and most features are self-explaining.
The main programs are listed in Appendix and their principle functionsare described
below as to:

(1) Convert digital signals of the Doppler shift frequency from the LDV
counter processor to instantaneous velocity values, and then compute flow mean

velocity and turbulence intensity. The digital signals from the data processor are
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transferred through a regular 36-pin parallel interface which includes 12 bits for

Mantissa, 4 bits for exponent, 1bit for data ready signal and other bits for cycles and
burst information. For N-cycle processor mode, the Doppler frequency can be

calculated according to

_ N x 10 (2.14)
D x 2*2

where f = Doppler shift frequency
N. = number of cycles measured
D, = nantas=a of digital word
n = exponent of digital word
And the flow velocity can be calculated as
- EaxfnTt/z')' (2.15)
where U = flow velocity

A = laser beam wavelength

a = angle of laser beam intersection (dual bbeam system)
A large number of velocity samples (usually at about 5000) are measured in
order to dotain the mean flow velocity and the corresponding turbulence intensity at

one point whidh are calculated according to the statistical formula listed below:

U, (2.16)
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and

(2.17)

u =

n U2-U2J
e

i=1

where N is the total sample number.

The sampling rate of flow velocity depends on many parameters such as flav
conditions, particle density in the measuring volume, probing position, etc., which
make the data rate vary from time to time. The average velocity sampling rate is
around 4 kHz and it usually takes approximately 5 seconds to finish the entire
process of taking data and performing necessary calculations.

(2) Scan thermocouples at a variable rate and convert analog voltage signals
to temperature data. An input signal from a thermocouple is received through
DASH-8 interface board and compared with a temperature conversion table residing
inside the program, and then the correspondent temperature is calculated taking
account of the cold junction temperature. The same procedure is repeated for the
next thermocouple until dl the temperatures have been measured. In most
experiments, eight thermocouples are read in each scan and the scan rate is usually
set at 1 Hz even though it could be made as high as 250 Hz by using the time
counters on DASH-8 board.

The temperature measurements can be coupled with the flow velocity
measurements. In this case the mean flow velocity and flow turbulence are
determined first, and then a scan of thermocouples is performed. The Same

procedure is repeated throughout the entire experiment. Since the measurement of
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flow parameters usually takes longer time than that of temperatures the sampling

rate of the whole process mainly depends on the flow measurement speed.

(3) Control the stepping motors installed in the moving table in order to
move the wind tunnel and the test section precisely in all three directions. The
communicationbetween the motors and the computer is conducted through a regular
24 bit parallel digital 1/0 interface (Metrabyte Model PIO 12). A sequence of high
and low voltage signals are sent from the computer to the motor control unit at a
suitable speed and transferred to the step-by-step motion of the stepping motors.
The tolerance of the test section movement in all three directions is less than 0.2
mm. The moving speed of the test section can be changed and is usually kept at 1
mm/sec. This feature of the software is mostly used to combine with LDV
measuring capability to map the flow fields.

The program also provides other functions such as monitoring test results on
the computer screen, saving data files, plotting and listing the data and performing
PDF analysis for velocity data, etc. Extensive use has been made of the C graphics

library for a convenient operation of the program.

210 Flow Fields

The aotrol of the flow velocity in the test section is a relatively easy task,
compared to the maintenance of a reasonably stable flow turbulence level. A
common Way to create a turbulent flow is to Increase the flow velocity, and therefore,

generate turbulence in the flow with strong shear stress. Most turbulence studies in
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fluid mechanics have been conducted under such conditions. Following the
development in fluid mechanics, much effort has been made to study shear-generated
turbulent combustion as well.

An alternative way to generate a turbulent flow is by means of placing
obstacles such as grids or perforated plates in the flow and introduce strong
disturbance to the flow [17] [18]. Some studies [19] [20] have utilized this method
to study turbulent combustion. The grid-generated turbulence has nearly
homogeneous and isotropic distribution in the flow (21] - [23], which makes it much
easier to control and categorize the flow turbulence. Relatively large turbulence
level can be obtained in slow speed flows as well. The homogeneous and isotropic
characteristics of #is type of turbulence can also provide experimental data that are
easy to be compared with the results fran computational models.

Based on the merits of the grid-generated turbulence and the practical
limitations of the test facility used in the present study, the grid method is chosen to
provide an adjustable turbulent flow environment for the flame spread and mass
burning tests. Extensive measurements have been made to map the flow velocity and
turbulence intensity distributions in the test section for the determination of flow
characteristics and the selection of the suitable flow conditions for the experiments.
The major effort has been focused on the measurements in the non-reacting flow
since it is more convenient to characterize the flow fields of cold flows. In this
section the flow velocity and turbulence intensity profiles at U = 2 m/sec are

discussed to present the flow field characteristics.
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2.10.1 Axial Distribution

2.10.12 Velocity

Fig. 217, 218 and 219 show the axial flow velocity and local turbulence
intensity for U = 2 m/sec with turbulence levels of v’/U = 1.1%, 5.5% and 19.8%.
The measurementsare made along the longitudinal centerline of the test sectionwith
an interval of 10 mm. For flows with low turbulence intensities, the mean velocity
distribution displays quite stable features and maintains almost a constant along the
distance downstream, which can be seen in the cases of Fig. 217 and 2.18. For flows
with higher turbulence levels such as the one shown in Fig. 219, the mean flow
velocity exhibits some fluctuating characteristics along the centerline, which is

apparently caused by the more chaotic flow motion in high turbulence case.

2.1022 Turbulence Intensity

Due to the nature of flows with low velocity such as ones used in 1is study,
the weak shear stress in the flav does not generate much turbulence, and therefore,
the artificially introduced turbulence by perforated plates can not be sustained at a
constant level. The turbulence intensity decays inevitably as the flow moves
downstream as the result of energy dissipation [21] - (23], A decaying turbulence
intensity distribution could make it rather difficult to characterize the whole
turbulence field with simple parameters. However, the decaying rate of the flow
turbulence intensity is observed to be reasonably small over the length of fuel sheets

used in the present study, and therefore, the practice of using a single parameter to
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describe the turbulence intensity level is adopted for the current work.

As shown typically in Fig. 2.18, the longitudinal turbulence profile possesses
a large value in the initial region where strong vortexes are created by the flow
separation and subsequent mixing process taking place after the perforated plates.
The flow turbulence level then experiencesa rapidly decrease in a region about 100
mm long, and the actual length varies from case to case. The decaying rate levels
off after the initial fast decreasing period and then becomes less prominent, as
displayed in the figure, which results in a region where a relatively constant
turbulence intensity can be observed. An average value of the turbulence intensity
is calculated over this relatively stable region of approximately 250 mm in length.

In flows with high turbulence intensities, an interesting phenomenon as
displayed in Fig. 2.19 is observed. The turbulence intensity increases first, and then
reaches a peak as the downstream distance increases, unlike in the low turbulence
cases where the turbulence intensity always decreases downstream. The turbulence
peak value can be twice as large as that at the vicinity of the perforated plate. This
phenomenon may be explained as the result of a more intensive mixing between the
jet-like flows coming out of the holes of the perforated plate at a distance from the
plate than at the proximity of the plate. Plates with higher blockage ratios are used
to generate stronger disturbances, and therefore, the distances among exiting small
"jets" are wider compared to that in the lower turbulence cases. It takes a certain
distance for these small "jet" flows to meet and start mixing, and for the turbulent

eddies to completely develop. After the peak region the turbulence profiles of high
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turbulence flows show the similar decaying pattern as observed in the low turbulence

flows: a sharply decreasing region followed by a relatively slow changing region.
For the flows with the lowest turbulence level of about 1%, the turbulence
intensity maintains a quite uniform level throughout the whole test section, as shown
in Fig. 217. This case can be considered as a laminar flow and the nearly constant
turbulence intensity level through the test section is the combined result of
dissipation, production of the flow and the possible disturbance caused by the walls

of the test section.

2.102 Cross-section Distribution

Two typical profiles of horizontal mean flow velocity and turbulence intensity
in the vertical direction are presented in Fig. 2.20 and 2.21 for U = 2 m/sec and the
turbulence levels of 1.1% and 5.5%. The cross-section where the measurements are
made is 150 mm downstream from the entrance of the test section. All the profiles
exhibit similar characteristics which consist of a central plateau where a relatively
constant value is observed, and boundary layer regions where sharper changes take
place. The wall effect can be readily seen from these profiles as the flow velocity
decrease rapidly 0 zero at the walls subjected to the "non-slip" condition. The local
turbulence intensity is observed to increase as the profiles approach the walls. At the
vicinity of a wall, the flow velocity approaches zero very fast and the turbulence
velocity, U, decays at a slower pace, which causes the observed increase of the local

turbulent intensity at the wall. It is seen that the flow velocity profile keeps a
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relatively smooth curve at low flow turbulence intensity and becomes less stable as

the turbulence intensity increases. It is also found that the profiles have reasonably
good symmetry about the center line which reduces the possible three-dimensional
effect on the experiments.

The flow velocity and turbulence intensity profilesat U = 2 m/sec and u’/U
= 1% in the azimuthal direction is displayed in Fig. 2.22. Similar characteristics are

observed as in the vertical direction discussed above.

2.11 Error Analysis
211.1 Flame Spread Rate and Surface Regression Rate

Severalfactors can affect the accuracy of the flame spread rate measurements.
Since the flame spread rates are deduced from the surface temperature histories, the
error caused by the thermocouple measuring technique should be taken into account.
K-type thermocouples are produce an errors less than 0.5% in the temperature range
(0 to 500 C) in which the tests are conducted [24]. Therefore, the absolute error is
about 25 degrees which is small enough to be neglected in the study. In most tests
the flame front propagates quite evenly on the fuel surface, however, two-
dimensional characteristics are observed in some cases. In those tests, the flame
fronts are tilted to one side, which is possibly caused by uneven ignition or strong
irregularities encountered in the flows with high turbulence intensity. The treatment

of such a case is to discard its results and perform a substitute test under the same

flow conditions.
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In the PMMA n&ss burning experiments a thin char layer usually forms on the

solid fuel surface with an uneven thickness which prevents an accurate fuel sheet
thickness measurement. A polishing procedure is applied to smooth out the fuel
surface, which can introduce an error of about 5% to the surface regression rate
measurement.

In most cases three tests are performed for each data point and the standard
deviation is less than 10% for flame spread rate experiments and 15% for the mess
burning rate ones. Additional tests are conducted to reach the fwal result if the

experimental data show large discrepancy.

2.11.2 Flow Velocity and Turbulence Intensity

The linear relation between the Doppler shift frequency and the flow velocity
produces very little error in the velocity data-acquisition process. The total error in
the LDV system caused by A/D conversion, electroniccircuit irregularities, round-off
errors and other factors is less than 05% [12].

Some errors can ani<e if the Doppler signals are generated from the particles
that do not pass through the fringe system, if there are not sufficient cycles left in a
burst after passing the threshold, if a second particle enters the volume during the
timing period of the first particle, or if a timing interval starts in one burst and ends
in another. All these irregularities can be checked and prevented by making two
measurements of the period of the same Doppler signal using different numbers of

cycles. This process is shown in Fig. 211. If the two measurements of the Doppler
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period agree to a specified degree of precision they are validated and accepted for

output and further processing. If not, the result is discard and a new measurement
has to be conducted. In this study cycle numbers of 8 and 4 are used for comparison
and the comparison coefficient is set at 1 percent.

Since the velocities measured by an LDV system are that of particles in the
flow instead of that of flow itself it is necessary to investigate how closely the
particles follow the gas flow. From fluid dynamicsit is known that the viscous drag
due to the relative motion of a particle and its surrounding fluid drives the particle.
The magnitude of this force in relation to the inertia of the particle determines the
response of the particle to the fluctuations of the flow velocity. Because of the small
size of the particles, the Stokes’ law for low Reynolds flow can be used for the
analysis. Assume that the particle has a spherical shape and the force on the particle

Is [25]:

dv.
F’ =m, —Eiz =6x BT, (U - vp) (2.18)

where U and v, are the velocities of the fluid and particle, respectively, i is the
Viscosity of the fluid, and m,, and r, are the mass and radius of the particle.

For constant flow velocity the solution of the particle motion can be obtained

(0 = U + (v(0) -U) e (@19)
where v,(t) is the velocity of the particle at time t.

This equation shows that the particle responds a change in the flow velocity
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with a time constant defined by:

2
oM _2p0 (2.20)
P 6rmpr, 9

where p, is the density of the particle. For aluminum oxide particles of 0.3 um in
diameter in air flow (¢ = 18x 10° kg/ms) as in this study, the respond time is less
than 1 psec which is short enough for the measurement of this study, and therefore,
the lag of the particle behind the flow fluctuation can be neglected and particles of
this size are well suited for the flow velocity measurement.

The accuracy of mean flow velocity and turbulence intensity measurements
also depends on the number of samples taken in one measurement. Fig. 2.23 and
2.24 shows the dependence of uncertainties of the mean flow velocity and turbulence
intensity on the total number of sampling data points. Upg,, and (u’'/U),, are
calculated with N = 8,000. It is seen that the larger the sample number, the smaller
the deviation from the real velocity. However, larger number samples take longer
time to finish than smaller ones. The experimental results show that the
measurements taken wih sample number larger than 2,000 give satisfactory data.
Therefore, for most experiments in this study, 2,000 to 4,000 samples are usually

applied 1O dotain one statistical value.

2.113 Gas Concentrations
The nonruniformity of the exiting flow in the exhaust section produces an

error less than 5% to the exhaust gas concentration measurements, which is
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calculated from the measurements at different locations of the exhaust section. The

systematic errors of analyzers are 0.5% for O, [26], and 1% for CO, 2% for CO,, 1%

for hydrocarbons and 296 for NO [27].
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Chapter 3 . Opposed Turbulent Flow Flame Spread

3.1 Introduction

The opposed flow flame spread is often observed in the development of a fire.
It is characterized by a diffusion flame spreading over a solid combustible in an
oxidizing gas flow moving in the direction against that of the flame, as shown
schematically in Fig. 1.1. The opposed gas flows are usually generated by natural
convection induced by buoyancy force, or external sources such as wind or
ventilation.

For the flame front to travel over the solid combustible surface against the gas
flow, sufficient amount of heat has to be transferred to the unburnt fuel from the
already pyrolyzed region or external heat sources. The flame established over the
fuel surface usually serves as the main heat source and provides the energy necessary
to raise the temperature of the unburned fuel surface from an initial temperature to
the pyrolysis point and to sustain the subsequent pyrolysis process. The resulting fuel
vapor moves away from the surface through transport processes and then mixes with
the incoming oxidizer flow in the burning zone where the exothermal reactions take
place. The flame spread over the solid surface is the result of complex interactions
of heat transfer fram the flame to the unburned fuel, fuel pyrolysis, mixing of fuel
vapor and oxidizer ahead of the flame, ignition of the combustible gas mixture by the
flame, and gas phase chemical reactions. These factors intertwine in the opposed

flow flame spread process and can be important at the same time, which makes this
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problem particularly difficult to study [6] (7).

32 Literature Review

Various studies on the opposed flow flame spread have showed that all the
controlling effects can be summarized with two major mechanisms: the heat transfer
from the flame to the virgin fuel and the gas phase chemical reaction. A common
practice in experimental data analysis (28] - (30] is to correlate the experimental
results in terms of a Damkohler number describing the gas phase kinetic effect and
a non-dimensional flame spread rate describing the process of heat transfer. The
Damkohler number is defined as the ratio of the residence time (time required for
a fuel particle to travel the gas preheated region) to the chemical time (time
required for a fuel particle to react with the oxidizer) (31]. The non-dimensional
flame spread rate is defined as the ratio of enthalpy flow in the solid ahead of the
flame to the heat transferred from the flame to the fuel based on the analysis in [32]
which assumes infinite fast chemical reactions in the gas phase and results in a non-
dimensional parameter that anly represents the heat transfer process.

The heat transfer from the flame to the solid surface can be achieved by
conduction, convection and radiation. Conduction takes place in both gas and solid
phase while convection is anly through the gas phase. And radiation heat transfer
takes effect in both direct and indirect path. All three heat transfer mechanisms are
alas involved in the flame spread process simultaneously, therefore, it is essential

to determine the dominant mode of the heat transfer in order to develop a relative
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simple and yet complete analysis of the process. Some studies including (33] (34]

have been conducted to determine the relative importance of each heat transfer
modes in the flame spread process. In these investigations the temperature
distributionsin the gas and solid phase are measured for various flow conditions and
the heat fluxes by each mechanism are calculated by performing energy balance in
the solid and gas phase. The results have shown that the thickness of fuel sample
sheet determines the dominant heat transfer mode. For fuel sheets less than 2 mm
thick the heat conduction through the gas phase is the dominant mode, whereas for
fuel sheets thicker than 20 mm the heat conduction through the solid phase plays the
more important role. The radiation heat transfer always contributes to the total heat
flux. However, for stalll scale fires, the direct radiation from the flame to the virgin
fuel is insignificant due to the sl view factor between the flame and the virgin
fuel. The leading edge of the flame in opposed flow situation is considered to be in
a near-extinction condition because of low temperature and low fuel concentration
in the region caused by the unfavorable convection effect of the opposing gas flow
[35] - [39]. Under such conditions, the chemical reactions are extremely sensitive to
the external parameters, which leads to the conclusion that the flame leading edge
region is controlled both by the chemical kinetics and heat transfer. The flame
leading zone can be considered as a premixed flame anchoring the bulk diffusion
flame that follows behind, which provides the heat for conduction to the unburned
fuel and for the mass burning of the solid material behind the pyrolysis line. The

pyrolysis front propagates over the solid fuel surface at a rate almost equal to the
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moving speed of the leading flame. The fuel vapor generated in the downstream

region can diffuse ahead of the pyrolysis front through the quenching layer very close
to the fuel surface, as the result of large fuel concentration gradient and low flow
velocities enforced by the non-slip condition in the vicinity of the fuel surface (40].
However, the exact controlling mechanisms in the leading flame region are still not
fully understood due to the complexity caused by the participation of chemical
kinetics under near-extinction conditions.

The intricacy of the problem and the relatively easy experiment requirements
due to low flame spread rate and uniform flame front have attracted many
experimental investigations. Among them are the studies on flames spreading
downward over thin paper sheets [41], over thick PMMA sheets and rods [36], and
on flames spreading horizontally over thin paper sheets (42] and on liquid fuels (43].
Alr is used as the opposing gas flow in dl the above cases. The results from these
studies show that the flame spread rate decreases as the opposing gas flow velocity
increases, once the gas flow is the dominant influence in the flame spread process.
Other experimental work has been performed with high oxygen concentration gas
flow for Flamesspreading horizontally over PMMA sheets [44] [45], which show that
the fllame spread rate increases as the opposed gas velocity increases, opposite to that
firan the first group of studies. Further work on thissubject demonstrates that these
seemingly contradictory results can be explained as the result of the interaction of
the two malin controlling mechanisms, heat transfer and gas phase kinetics, under

different flow conditions [31]. The variation of the oxygen concentration of the gas
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flow changes the relative importance of the above two effects, and as a result,

changes the dependence of the flame spread rate on the flow velocity. The results
indicate that for thermally thick fuel the solid phase conduction is the dominant heat
transfer mode, a flow with higher velocity forces the flame to move closer to the solid
surface and increases the heat transfer, resulting in an increase in the flame spread
rate before the following decline caused by the convective cooling and low fuel
concentration in the leading edge of the flame. This increasing effect is usually
observed for high oxygen concentration flows. For thermally thin fuels, however, the
main heat transfer mode is the conduction through the gas phase and an increased
flow velocity only reduces the heat transfer and results in a decrease of the flame
spread rate for all flow oxygen concentrations.

Other aspects often studied of the opposed flame spread include the effect of
external radiation flux, fuel initial temperature, ambient pressure and buoyancy force.
Much work has been done on the effect of the external heat source (42] (46] - [48].
The external radiation heat flux increases the fuel surface temperature and reduces
the energy needed for the fuel surface to pyrolyze, and therefore, enhancesthe flame
spread process. The initial temperature of the fuel has the similar effect on the
Tlame spread rate as that of the external radiation heat sources [3] [49]. A higher
nitil temperature of the solid fuel results in a faster flame spread. The influences
of buoyancy and pressure have been studied [28] [29] on the downward flame spread
rate over thick PMMA and thin paper sheets. It is found that the buoyancy assists

the flame spread when the solid surface is inclined an angle to the horizontal
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position and the ambient pressure has the similar influence on the flame spread as

the gravity since the pressure affects the buoyancy through the gas density.

Many theoretical studies have also been performed on the opposed flow flame
spread and a good understanding of the major controlling mechanisms is achieved
[7]. However, the predictions from these analysis are only moderately successful due
to the complexity of the problem. Some analytical solutions are able to predict the
flame spread rate under certain limiting cases and provide physical insights to the
process, while numerical analysis can solve more realistic problems without
neglecting the complicate processes such as phase change, finite chemical reactions
and radiation. The modelling of the opposed flame spread problem has experienced
several stages. Many of the early analysis [SO] - [56] solve only the solid phase
equations with some prescribed boundary conditions at the solid and gas interface
which are obtained through various empirical methods. The gas phase is not treated
in those models and its effect on the process has to be coupled into the solution by
utilizing the experimental data in the boundary conditions.

The gas phase governing equations are included and solved with the coupled
solid equationsby De Ris [32] and later by Wichman and illlExs (57) to solve the
flame spread problem for thick PMMA sheets and thin paper sheets. Fast chemical
reaction rate (flame sheet assumption) is used along with some other simplifications
such as uniform flaw velocity distribution (Oseen approximation). The inclusion of
the gas phase in the governing equations ensures the solution to be self-contained

and makes it possible to predict the flame spread rate without using empirical data.
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It is concluded in these studies that the flame spread rate is determined by an energy

balance between the heat generation in the flame and the heat removal to the
downstream region by convection. The analytical flame spread results agree well
with the experimental data for flows with low velocity and high oxygen concentration,
where the infinite chemical reaction assumption is a close representative of the real
situation. The flame spread rate increases with the flow velocity according to these
studies at least for thick fuels.

Since the flame leading edge is under near-extinction condition an accurate
opposed flame spread model must consider the chemical kinetic effect (finite
chemical reaction rate). May attempts have been made in this direction both
analytically and numerically [37] [39]. The results from these studies indicate that
the flame spread rate decreaseswith the flow velocity. The numerical models usually
involves two media with phase change at the interface. Steady-state, two-dimensional
energy equations in both media are solved with the proper interface conditions and
boundary conditions. The effect of many parameters such as gas phase flow velocity,
Lewis number, oxygen concentration, external radiation have been investigated.

In most real situations, fire propagation takes place under turbulent flow
cordrtios; thus it is of practical interest to study the effect of flow turbulence on the
spread of Flames over the surface of a combustible material. However, due to the
difficulties brought upon by turbulent flows, anly a few studies have treated the
turbulent flame spread process while most of the effort has been devoted to the

better behaved laminar problems. They include [58] for upward turbulent flame
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spread over large PMMA sheets, and (59] [60] for thick PMMA sheets and wood

plates. In these studies, the gas flows are naturally induced and the turbulence is
also buoyancy-generated depending on the sample size. The dependence of the
flame spread on the sample size [59] and the external thermal radiant flux {59] (60]
has been studied. The studies above serve well as models for wall fire without
external flows. However, no systematic study has been performed so far on opposed
flame spread in a forced turbulent flow.

The purpose of this work is to provide a parametric study of opposed flame
spread in an forced, turbulent air flow with the main interest on the effect of flow
turbulence on the flame spread rate. Also studied is the turbulent effect on the
flame extinction conditions. Due to the complexity of the flame spread process, an
accurate determination of the turbulence effect on the spread of the flame is
extremely difficlt.  The scope of this work is limited to the measurement of the
flame spread rate as a function of the velocity and turbulence intensity. These direct
measurements, in conjunction with complementary experimental observations and
previous Information about the flame spread controlling mechanisms, are used to
describe the effect produced by the flow turbulence and the interactions among

different mredaniss.

33 Experimental Arrangement

The experimental setup can be seen in Fig. 21. The flow velocity and

turbulence intensity profiles are determined prior to the flame spread. The
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instantaneous velocity of the flow is monitored with LDV during the course of the

experiments. Since the flame propagates very slowly in opposed flows the flame
spread rate is measured by timing visually the pass of the pyrolysis front over
previously made marks on the fuel surface. The surface temperature histones at
various locations are also measured to deduce the effect of turbulence on the leading
edge of the flame. A Mach-Zehnder interferometer is used to get qualitative
information of the temperature field of reacting flow. Both PMMA sheets and paper
sheets are used in the experiment to represent thermally thick and thermally thin

fuels, respectively.

3.4 Experimental Results and Discussion
3.4.1 Thick PMMA Sheets

The measurements of the flame spread rate over PMMA sheets as a function
of the opposed air flow velocity and turbulence intensity are presented in Fig. 3.1 and
32. The flov velocity ranges fran 035 to 23 m/sec and the turbulence intensity
from 1%0to Bh. Because of the difficulty of producing high turbulence intensity at
low flav velocities, No flame spread measurements are made under such conditions.
The flame spread rate is measured in the test section region where an approximately
constant turbulence intensity profile is observed.

Fig. 3.1 shows the dependence of the flame spread rate on the flow velocity
for several levels of flow turbulence intensity. It is seen that for low turbulence

intensity the spread rate first increases sharply and then decreases as the flow
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velocity is further increased. The initial rapid increase appears to be caused by the

under-ventilated conditions that the flame encounters at very low velocities. The
chemical reaction is not proceeded completely due to the insufficient oxygen supply
in the incoming flow. Increasing the flow speed brings more oxygen to the reacting
region, and therefore, more heat is generated by more complete chemical reactions,
which results in an increase of flame spread with the flow velocity at the low flow
velocity region.

The initial increase of the flame spread is also caused by the enhanced heat
transfer through the solid phase by the increasing flow velocity. As mentioned
before, the heat transfer to the flame leading edge for thermally thick fuel is mainly
controlled by the conduction through solid phase. As the flow velocity increases the
gas flow tends to push the flame closer to the fuel surface and results in a steeper
temperature gradient fron the flame to the fuel surface which causes more heat
transfer to the solid. As a result ,the flame spread rate increases. This mechanism
can be seen from Fig. 3.3 which shows two interferogramstaken of the reacting flows
with velocity of 0.2 and 0.5 m/sec and turbulence intensity of 1%b. The thermal layer
is apparently thinner in the flow with higher velocity. Buoyancy effect is also
important in low velocity flows, which always lifts the flame away from the solid
surface and reduces the heat transfer.

As the flow velocity increases further, the stronger convection caused by the
mixed Tlaw (buoyant and forced) conditions brings the transition to the flame spread

process, which induces the flame spread rate to decrease with the gas flow velocity.
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Interferometric photographs of flames spreading horizontally along
PMMA sheets in opposed air flows of (a) 0.2 and (b) 0.5 m/sec

Fig. 3.3
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The decrease trend of the flame spread rate with the opposed flow velocity at higher

air velocities is in agreement with the result of previous work [31] [61] which have
studied the ambient oxygen concentration effect on the flame spread in an opposed
forced flow. The enhancing effect by the flow velocity on the flame spread process
still exists as discussed in the low flow velocity cases and an increase of the flow
velocity results in a higher heat transfer rate to the unburned solid fuel. However,
the flow velocity has an opposite effect on the flame spread process as well, which
is to affect the gas phase chemical kinetics in the leading region as indicated in [31]
[61]. As the opposed flow velocity increases the residence time of the fuel vapor-air
mixture ahead of the flame decreases, i.e., the Damkohler number decreases if
assuming the chemical time remain constant. The combustible gas mixture does not
have sufficient time to react completely in the leading edge that sustains the
propagation of the flame. Therefore, less heat is generated in the flame leading edge
and the flame spread rate is reduced as a result. In s study, the decreasing effect
of the flow velocity is observed to occur at all turbulence intensity levels. For flows
with velocities larger than 2 m/sec, the flame propagates at very svall rates due to
the strong cooling effect and the fuel surface recedes rapidly compared to the speed
of flame spread process, producing a stagnation region behind the flame front that
acts as a Flame holder. As a consequence, at air flow velocities larger than 2 m/sec
the flame propagation becomes a surface burning rather than a flame spread process,
and therefore, is not investigated here.

The flow turbulence effect on the flame spread process can be seen in Fig. 3.2
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which shows the flame spread rate as a function of the turbulence intensity for three

velocities. The flow turbulence intensity can alter both controlling mechanisms,
namely, the heat transfer to the unburned fuel and the gas phase chemical kinetics,
and ultimately affect the flame spread process and change the flame spread rate.
The turbulence could produce an increased convective cooling of the unburned fuel
surface and gas region ahead of the flame, which would results in a decrease of the
flame spread rate. On the other hand, the higher turbulence intensity in the flow
could cause an increased conductive heating through the solid ahead of the flame by
bringing the reaction region closer to the fuel surface, which would increases the
flame spread. The chemical reaction in the gas phase would be subjected the similar
effects from the flow turbulence. The flow turbulence could enhance the chemical
kinetics by favoring the mixing of fuel vapor and oxidizer and thus enhancing
combustion reaction, which raises the flame spread rate. But at the same time the
flow with stronger turbulence could dilute the combustible gas mixture by larger and
stronger eddies, which could weaken the reaction. Therefore, the flame spread could
be hampered by thiseffect. It is necessary to consider the role of each of the above
mechanisms in the flame spread process in order to resolve a complete picture of the
flow turbulence effect on the flame spread.

From Fig. 32 it is seen that the flame spread rate increases initially and then
decreases as the turbulence intensity increases for the flow velocity range from 0.7
to 2 m/sec. The maximum value of the flame spread rate is achieved in the flow

with turbulence intensity of approximately86. The results reflect the characteristic
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change in the flame-generated thermal boundary layer and its effect on the

controlling mechanisms, as the result of the increasing turbulence in the flow. A
sequence of interferograms of the flame leading edge are utilized to assist the
interpretation of the results. Fig. 3.4 provides a graphic indication on how turbulence
affects the flame and the thermal boundary layer generated by the flame. The
Shilieren photographs are taken of the flame leading edge in flows with velocity of
1m/sec and three turbulence levels of 1%6,10% and 25%. It is observed that as the
turbulence intensity increases, more eddies are introduced to the flow which cause
the flow to become more fluctuating, and more cold air is entrained to the leading
edge of the reacting zone. It is alg seen that the thermal layer thickness decreases
in more turbulent flow as the flame moves closer to the fuel surface. A flame closer
to the fuel surface results in an enhancement of the heat conduction to the solid
ahead of the flame, particularly if solid phase heat conduction is a dominant mode
of heat transfer, as is the case with PMMA . On the other hand, more turbulent
entrainment of cold air results in stronger convective cooling of the fuel surface and
of the gas ahead of the flame. The relative magnitude of these two counteracting
effects determines the behavior of the heat transfer ahead of the flame front, and
consequently of the rate of flame spread.

From the flame spread rate data it can be inferred that the enhancing effect
of flow turbulence on flame spread plays the dominant role for flows with turbulence
intensity less than 6%, and thereafter, the cooling effect becomes more prominent.

This conclusion is als0 confirmed by the surface temperature profiles of the unburned
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Fig. 3.4 Interferometric photographs of flames spreading horizontally along PMMA
sheets in opposed air flows of 1 m/sec and varied turbulence intensities.
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fuel surface ahead of the flame, as shown in Fig. 35. This figure presents the surface

temperature in front of the propagating flame as a function of the upstream distance
from the flame for flows with velocity of 1 m/sec and several turbulence intensity
levels. The surface temperature rises as the flame front is approaching. The growth
slope increases fram turbulence of 1.1%to 5.6%, and then drops as the turbulence
increases further. This observation suggests that as the turbulence increases, the
preheating zone also increases and then reaches a maximum value at about 6% and
then decreases with further increase of the turbulence, which is in agreement of the
above argument of the turbulence effect on the flame spread.

Other possible mechanisms that should be considered are the effects of
turbulence on radiation heat transfer and gas phase chemistry. As the thermal layer
becomes thinner there is a potential reduction of radiation from the flame to the fuel
ahead of the flame due to the smaller view factor that results from the flame being
pushed closer to the surface. However, 1#5 mechanism is secondary given the
already small view factor that the flame projects in opposed forced flow flame
spread. With regard to gas phase chemistry effects, there exists the possibility of an
enhancement of the gas phase reaction due to increased mixing of the fuel vapor and
air ahead of the flame as discussed before, which would result in an increase of the
spread rate. However, it is considered that the dominant mechanism is the
convective cooling of the gas and consequently weakening of the reaction ahead of
the flame, which together with the cooling of the fuel surface results in the observed

decrease of the spread rate with the turbulence intensity, for large flow velocity.
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3.42 Thin Paper Sheets

The measurements of the flame spread rate as a function of the air flav
velocity and turbulence intensity are also performed with paper sheets as the
representative case of thermally thin fuels. The results are presented in Fig. 3.6. and
3.7. Due to the large heat loss in the gas phase and little heat transfer through the
solid phase, the flames are unable to propagate over the paper sheets in gas flows
with velocities larger than 15 m/sec, at least for the tests conducted in this work.
The low flow velocities at which the tests are performed limit the maximum range
of turbulence intensities attainable to approximately 15%. The flame spreads over
both sides of the paper sheets, unlike in the PMMA case where flame only
propagates on one side.

It is seen fran Fig. 36 that for dl turbulence intensities tested, the flame
spread rate decreases as the opposed gas velocity increases. The extent of the
decrease in the low velocity region, however, is smaller than that in the high velocity
region. This appears to be caused by the buoyancy effect on the flame spread
process at low flow velocities. The buoyancy force lifts up the flame away from the
paper sheet at low velocities and the heat transferred through radiation from the
flame to the unburned fuel becomes important because of the larger view factor.
The flame spread process is determined mainly by thismode of heat transfer and the
flame spread rate only weakly depends on the flow velocity for the low flow velocity
region. As the flow velocity increases further the flow velocity drives the flame to

lay more parallel to the fuel surface and the heat conduction through the gas phase
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replaces the radiation as the main mechanism of heat transfer.

The strong decrease of the flame spread rate with the flow velocity observed
for larger air velocities can be explained in the same way as for the thermally thick
fuel case. The results are in agreement with that obtained by (6], which studied the
effect of ambient oxygen concentration on the flame spread rate. The principle
effect by flow velocity appears to be the combined result of convective cooling and
weakening of the chemical reaction caused by smaller residence time.

The influence of the turbulence intensity on the flame spread rate for paper
sheets can be seen from Fig. 3.7. It is found that the flame spread rate weakly
depends on the turbulence intensity for low velocities. TS can be explained the
same way as for its dependence on velocity discussed above. Since the heat transfer
is mainly accomplished by radiation for low velocities the flow turbulence casts minor
influence on the flame spread process. For tin paper sheets the flame spread rate
always decreases with the increasing flav turbulence intensity, with no apparent
transition region from lower to higher values of the turbulent intensity as observed
in PMMA tests. The different mechanisms of heat transfer that control the spread
of the flame in each case can elucidate this observation. For thin paper sheets, heat
conduction through the gas phase ahead of the flame is the dominant mechanism of
heat transfer during the flame spread. Thus, the enhanced heat transfer through the
solid caused by the thinning of the boundary layer as inferred in the PMMA tests
should have little effect. The flow turbulence enhances the convective cooling at the

flame front region, which controlsthe flame spread process for most flow conditions
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tested except at very low velocities flows. Therefore, it is understandable that flame

spread rate displays the monotonically decreasing character as the flow turbulence

intensity increases.

3.43 Turbulence Effect on Thin Paper Flame Extinction

As the opposed flow velocity increases, the flame propagates at a decreasing
speed, and is eventually extinguished. The flame extinctionusually takes place as the
result of the inability of the chemical reactions to keep in pace with the depletion
process of the thermal energy fran the reaction zone. An increased flow velocity
reduces the residence time of the combustible mixture and decreases the gas phase
temperature by convection, and blows out the flame as the fardl step.

An interesting phenomenon observed in the experiments is the effect of flow
turbulence intensity on the flame extinction conditions. The results are shown in Fig.
38, where the gas velocity at which flame extinction occurs is presented as a function
of the flow turbulence intensity. It is found that the flame extinction happens at a
lower flow velocity for a larger turbulence intensity level, which is in general
agreement with the flame spread rate results in this test. This result is somewhat
unexpected because turbulence is often viewed as a means to enhance fuel
combustion processes, and therefore should assist the flame against unfavorable
conditions. However, the fact that in this study the flow turbulence tends to
accelerate the flame extinction indicates that the convective cooling of the reaction

zone by the turbulent flow, in conjunctionwith possible reduction of radiation fron
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flame to fuel, increased re-radiation from the fuel surface, and flame-stretching

effects, is the dominant mechanism in the flame extinction process. The
enhancement of the fuel-air mixing by the turbulence appears to only have a
secondary influence on the gas phase reaction, at least for the present experimental

conditions.

3.5 Conclusion

The parametric study conducted in the present work of the spread of flames
in an opposed turbulent forced flow has shown that flow turbulence intensity has a
significant effect on the rate at which the flame propagates, and on the conditions
leading to its extinction. The study has introduced a new aspect of the flame spread
problem that is of special interest given the fact most practical fires take place under
turbulent flow conditions. The nature of the results indicates that the flow
turbulence may affect both the heat transfer and the chemical kinetic mechanisms
that control the spread of flame. Although throughout this work phenomenological
arguments are given in an attempt to explain the different experimental observations,
more detailed experiments are needed to provide sufficient data in order to prove
the cartainty of these arguments.

To fully understand the effect of turbulence on the flame spread process it
appears that it may be necessary to study its influence individually in each one of the
flame spread controlling mechanisms. This could be done by conducting experiments

under conditions where the flame spread process is controlled only by heat transfer
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effects (high oxygen and low gas velocity) or only by gas phase chemical kinetic

effects (low oxygen concentration and/or high flow velocity) (31]. The characteristics
of the flow turbulence may also change the quantitative influence of the flow
turbulence on the flame spread process. Thus, it would be interesting to perform
experiments to seek other parameters of a turbulence flow other than the intensity,
such as the turbulent scales of the mean flow, the turbulence intensity in other
directions, or the turbulence field generated by tripping the boundaxy layer. In
addition, it would be important to identify the non-dimensional parameters that
determine the turbulent flow flame spread process, and to correlate the experimental
results in terms of these parameters.

Also interesting is the observation that an increase in the flow turbulence
causes an earlier extinction of the spreading flame, at least in the case with air as
oxidizer. The fact that this result is somewhat contraxy to the more common
observationthat turbulence enhances-the combustion reaction by better mixing of the
fuel and oxidizer suggests that different controlling mechanisms may influencing the
flame extinction. It is possible that under other experimental conditions, such as a
higher oxygen concentration, or an enhancement of the fuel evaporation by external
radiation or preheating, the influence of turbulence on the flame extinction may be
different than what observed here. The elucidation of thisaspect of the flame spread

phenomenon deserves further attention.
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Chapter 4 Concurrent Turbulent Flow Flame Spread

4.1 Introduction

In the concurrent mode of flame spread, the gas oxidizer gas flow moves in
the same direction as that of the propagating flame, thus assisting the further spread
of the flame. The oxidizer flow can be induced naturally by hot reacting gas mixture
as in upward wall fires, or by externally applied pressure gradients as in wind-aided
forrest fires. Among the different modes of flame spread, the concurrent flow flame
spread is the fastest and most hazardous one because the gas flow carries the high
temperature diffusion flame over the unburnt fuel surface, which greatly enhances
the heat transfer from the flame to the unburnt material and consequently increases
the flame spread rate. Concurrent flow flame spread is often encountered in
practical cases, especially in open space fires where external flows are easily
attainable. The danger brought by such a fire provides the main incentive for the
studies in s area of fire research.

The concurrent, or flow assisted, flame spread is characterized by the
following mechanisms, as shown in the schematic of Fig. 12. Upstream from the
pyrolysis front, heat is transferred from the diffusion flame to the solid surface. The
solid fuel is pyrolyzed into vapor and an approximately constant temperature is
maintained at the surface through an energy balance between the net heat flux and
fuel vaporization. The pyrolysis temperature is usually regarded as one of material

properties for many solid fuels. The vaporized fuel is diffused and convected
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outward and forward, reacting with the incoming ambient oxidizer and sustaining the

diffusion flame over the solid combustible. The fuel vapor which is not consumed
in the upstream reaction is carried downstream by the external flow from the
pyrolysis region. The excess fuel vapor keeps reacting with the oxidizer and extends
the diffusion flame further downstream. Heat transfer fram the flame to the fuel
downstream from the pyrolysis front causes the unburnt solid surface temperature to
increase uwtl it reaches the pyrolysis point. The downstream diffusion flame is
generally independent of the flame spread process, except that the flame length is a
function of the length of the pyrolysis region. The onset of fuel pyrolysis determines
the progress of the pyrolysis front and consequently the flame spread speed. As in
other flame spread processes, the concurrent flame spread is controlled by both the
heat transfer from the flame to the solid fuel and the physico-chemical mechanisms

that govern the combustion region in the gas flow.

42 Literature Review

Because of the potential hazardous nature of the concurrent flovflame spread
encountered in conventional fires, much effort has been devoted to the study of the
controlling mechanisms fran both experimental and analytical point of view.
Experimental study of the concurrent flame spread proves to be more difficult to
pursue than that of the opposed flow flame spread due to the faster propagation and
more complicated control needed in the former case. These technical difficulties

have caused the relatively scarce experimental information about the concurrent
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flame spread process in the early years. However, this situation has been greatly
improved by the later effort.

A large number of the early studies have focused on the upward wall fire
problem, which involves a diffusionflame spreading over a vertically placed solid fuel
surface in a naturally generated flow. The geometry of the test sample and the scale
of the fire play very important roles in tis mode of flame spread. The studies
conducted on small scale fires {62] - [65] have observed typical laminar reacting flow
characteristicsand the experimental results agree each other quite successfully. The
general results are that the upward laminar flame spread rates decrease with the
quarter power of the height, and are affected by the mass control number with a
correction for the radiant heat losses fram the vaporizing surface. The flame and
pyrolysis height increase with the square of time. These laminar flame spread studies
apply to flame heights less than 100 mm where transition to turbulent flows typically
occurs. The heat transfer by convection through the gas phase is found to be the
main controlling factor and the radiation from the flame is neglected in dl these
studies due to the small size of the test samples.

Large scale experiments of flame spread in upward wall configuration have
been performed in [58] with thick PMMA sheets and in [66] with cotton fabrics,
observingdifferent characteristicsof flame spread fran that of the laminar case. The
heat transfer fram the flame to the solid is still found to be the dominant mechanism
controlling the flame process. The naturally generated flow develops to a turbulent

region from an initial laminar period as the flame dimension increases with time.
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Thermal radiation is observed to be the dominant form of the heat transfer from the

flame to the solid surface in the turbulent region, whereas the convection transports
most energy in the laminar region. For the cotton textile, a power law of the flame
spread rate has been deduced fran the experimental data and phenomenological
arguments, in the form of V, = g 1" , where V, is the pyrolysis rate, L, is the
pyrolysis length, 8 and n are constants with n < 10. The correlation indicates that
the flame spread accelerates over the course of the test, even though an asymptotic
constant flame spread rate is expected. For PMMA sheets it is also found that the
fire spread rates increase exponentially with time. The flame length and the flame
spread rate data is correlated with the pyrolysis length in the form of 1 = 0.345 1P°~"81
and V, = 0.0041 L,***. Other experimental studies [67] [68] als0 indicate the
similar accelerative nature of the flame spread in the vertical configuration. The
experimental data in [67] is used to obtain the power law correlations for the flame
spread rate and pyrolysis length, V, = dL/dt = t*7. The flame length data can be
expressed as a function of the pyrolysis length, 1, = L>™. Similar relations are also
observed for upward flame spread tests conducted in [68]. The measurements of
spread rate have also been made in [59] of a upward spread of diffusion flame with
both PMMA and Douglas-fir particle board, representing non-charring and charring
fuels, respectively. Power law relations are also deduced between the flame spread
rate and the fuel pyrolysis length. For the charring Douglas-fir wood surface, the
flame spreads at a lower rate due to the inhibition effect on the heat transfer by the

char layer.
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The experimental observation of the power laws for the flame spread rate and
time or for the flame length and pyrolysis length is significant because similar results
can be obtained from most analytical work on the upward flame spread process.
These analytical solutions are based on heat transfer model with the assumption of
infinite chemical kinetics. The agreement between the experimental data and
analytical predictions seems to indicate that the heat transfer fran the flame to the
solid surface is the dominant mechanism in this mode of flame spread and the gas
phase chemical kinetics has a secondary importance.

Many studies have been conducted on other effect such as external heat
source [60] [67] [68] on the vertical wall flame spread. An external heat source
affects the flame spread rate mainly by raising the fuel surface temperature and
increasing the convective heat transfer at the solid surface, as already observed in
opposed flame spread studies. Since the fuel surface temperature has been elevated
by the external heat source prior to the arrival of the flame less heat is needed from
the flame for the pyrolysis of the solid fuel. Therefore, the flame spread rate is
increased as the overall result of the imposing external heat source. The
experimental data indicates that the flame spread rate has a power law dependence
on the difference between the material pyrolysis temperature and the surface
temperature prior to the flame tip arrival. Similar results are alo obtained by [41]
on the mixed flav flame spread. The flame spread rates are obtained as a function
of the initial surface temperature which increases with the radiant heat flux. The

external radiant heat flux on the upward flame spread over thermally thick, charring
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wood surface has been studied in [60]. It is found that the upward flame spread is

accelerative with time, and an application of modest level of external radiant energy
flux can sustain the upward flame spread. In general, the external radiation seem
to have duel effects, preheating the fuel prior to pilot activation and augmenting the
energy flux to the surface adjacent to the flames, therefore, resulting a increasing
flame spread rate.

The ambient pressure effect on the vertical wall flame spread has also been
studied in [69] for a variety of airplane interior materials. It is found that the
pressure effect can be modeled by properly accounting for thermal radiation. The
pressure modeling demonstrates greatest accuracy when the tests are performed at
high ambient pressures, apparently due to thermal radiation effects. Since the
pressure modelling approach basically preserves the non-dimensional parameters
controlling the convective flow field, the results reassure that heat transfer from the
flame to the fuel surface is the controlling mechanisms in the concurrent mode of
flame spread.

The studies above are mainly concerned with the concurrent flame spread in
buoyancy generated flons, whereas many real cases are accompanied With external
forced flow. The effect of forced flow velocity has been investigated in [70] with
thermally thidk PMMA sheets in a svalll scale, horizontally placed wind tunnel with
air as oxidizer. The flame spread rate is measured as a function of the laminar mean
flow velocity. One of the important results is that the flame propagates at a constant

speed over the solid surface in the concurrent flow. As the flame spreads over the
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fuel surface, the flame length increases with the aid of the external flow and the heat

flux from the flame to the solid surface decreases due to the thermal layer growth
over the distance from the fuel leading edge. These two effects, lengthening of the
heated region and decreasing of heat transfer, counterbalance each other, resulting
in a time-independent flame spread rate. It is also found that the flame spread rate
is a linear function of the outer flow velocity, which is in good agreement with the
analytical solution given in the same work. The controlling mechanisms of the
concurrent flow flame spread process has been further studied for thermally thick
fuel (71}, and thermally thin fuel (72]. In [71] a forced gaseous flow with various
oxygen concentration is used to create adjustable chemical kinetic conditions for the
flame spread. It is shown that rate of spread of the pyrolysis front is time
independent and displays a linear dependence on the flow velocity for dl the oxygen
concentration range from 0.2 to 1, confirming the results of {70]. The dependence
of the flame spread rate on the gas oxygen concentration can be expressed with a
square power law relation. The experimental data of the spread rate correlates very
well in terms of parameters deduced from heat transfer models of the concurrent
flame spread process, indicating again that heat transfer from the flame to the
condensed fuel is the primary mechanism controlling the spread of flame. Finite rate
chemical kinetic effect has apparently small influence on the flame spread process.
It is also pointed out that the extinction processes are limited primarily to the
upstream leading edge of the flame and to the flame tip. In the study of (72], filter

paper sheets are used as solid fuel to study the flow velocity and oxygen
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concentration effects on the flame spread over thermally thin fuels. The variation

with time of the pyrolysis region and burn-out distances are measured to reach the
conclusion that after an initial accelerating stage, the flame spread rate becomes
constant as the flame progresses over the fuel surface. The initial acceleration
period becomes shorter as the oxygen concentration is increased. The flame spread
rate is weakly dependent on the gas velocity for low gas velocities due to the possible
buoyancy influence, but becomes independent of the flow velocity for forced flow
conditions. The flame spread rate is almost linearly dependent on the oxygen
concentration of the flow over the range tested in that work. The experimental data
of flame spread rate are also correlated in terms of the parameters deduced from the
heat transfer models for the flame spread process over thermally thin fuels.

Large scale experiments of wind-aided flame spread over solid combustible
(PMMA) surface have been performed with air as the oxidizer (73]. **hewind tunnel
in that study has a cross section of 2.4 m x 5.4 m and produces flow velocity from 1
to 2.1 m/sec. Because of the large dimension of the test sample, which is made of
24 m long, 0.65 m wide and 6 mm thick PMMA sheet, the buoyancy and radiation
pose significant Importance to the flame spread process, unlike in the small scale
studies. It is found that the flame propagation takes place in two successive modes.
In the first mode, the flame is confined within a boundary layer and the flame spread
rate increases almost linearly with time and weakly depends on the wind velocity.
The second stage is characterized with a pool-fire like flame plume caused by the

upward force of buoyancy. The transition from the first to the second stage occurs
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sooner for lower flow velocity. The flame is lifted away as the buoyancy force and

pyrolysis flux dominates over the horizontal forced flav and the heat is transferred
from the flame to the surface mainly through radiation. The heat flux from the
flame and the fuel vapor flux increase rapidly in the second stage. The flame spread
rate increases with the wind velocity, reaches a peak value and then decreases with
the further increase of the flow rate. The flame length is found to have a simple
relation with the pyrolysis length, 1 = 1.25L,. In the second stage, a correlation
between the flame length and the energy release is also obtained. The experimental
data are compared with the theoretical predication from heat transfer model and a
reasonably good agreement is achieved.

Along with the development made by the experimental studies of knowledge
of concurrent flow flame spread process, much effort has also been contributed to
solve the problem analytically. A complete mathematical description of this mode
of flame spread should include coupled governing equations for both solid and gas
phase, which are usually too complicated to resolve theoretically. However, as seen
in the experimental studies, the heat transfer is identified as the dominant
mechanism in the propagation process. Therefore, it is possible to decouple the
original problem into two separate parts for the gas phase and the solid phase with
simple interface conditiaons connecting the two regions. The solid phase equations
can then be simplified further into a one-dimensional, transient heat conduction
problem because the variation of the temperature in the longitudinal direction is

much smaller than that in the normal direction. And the flame spread rate can be
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deduced from the solid phase solution.

The accuracy of the solid phase solution depends on the heat flux at the
interface to a great extent which can be obtained by either solving the gas phase
equations or by using empirical information obtained from experiments. Because of
the strong mixing in the gas phase by the concurrent flow, the assumption of infinite
chemical reaction is widely used in the treatment of the gas phase with good
accuracy. Most of the theoretical analysis so far assume that the concurrent flow is
under laminar condition and the radiation heat transfer is negligible, which makes
the results from those analysis unsuitable for turbulent and large scale cases. The
analytical results from the heat transfer models are usually in good agreement with
the experimental data. For flame spread on vertical wall a power law in the form
of V, ~ L" ~ ™ is predicted for the dependence of flame spread rate on the
pyrolysis length [7], which correspond the experimental observations. For flame
spread in a forced flow the linear dependence of the flame spread rate on the gas
flow velocity is also correctly predicted.

A typical example of the analytical procedures used to solve the problem is
presented in [74] of flame spread over a tilted wall. The analysis has assumed a
boundary layer reacting flow with a one-step gas phase chemical reaction and an
infinite fast chemical reaction rate, and therefore, the source terms in the energy and
species equations can be eliminated by using Shvab-Zeldovich formulation. The
solution is sought in the upstream and downstream region separately. In the

upstream the interface temperature is assumed to be constant and equal to the
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pyrolysis temperature of the material and the gas phase and the solid phase

equations become uncoupled, and a similarity solution is found to exist for the
boundary layer equations. In the downstream region the interface is assumed to hold
the isothermal wall condition which greatly simplifies the governing equations. The
uncoupled equations also produce a similarity solution for the gas phase, which can
be utilized to solve the one-dimensional solid phase conduction problem. The flame
spread rate and the pyrolysis length are found as follows

v, = A(2Ant)120)/2a
and

1, = (2Ant)"/2

where t is time, A and n are constants.

Among more recent analytical studies on this subject is (75], which seeks the
parametric dependence of the rate of wind-aided flame spread across a thick
horizontal fuel slab by approximate analysis. Similar assumptions as in [74] are used
and similarity solutions are obtained fran the simplified equations. The flame
spread rates are expressed explicitly in terms of boundary layer non-dimensional
parameters and the ratio of streamwise distance and time.

Mt of the work mentioned above only deals with laminar flows except for
the large scale vertical vl flame spread work on PMMA sheets (58] [59] and on
wood sheets [60). The flows in these studies are buoyancy induced and the
turbulence in the flow is also naturally generated depending on the sample scale.

Most effort in these work has been focused on the dependence of the flame spread
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rate on the sample scale (58] or on the magnitude of an imposed radiant heat flux
{59]. No systematic experimental study has been performed to date on the effect of
flow turbulence intensity on the rate at which flames spread over the surface of a
solid fuel. The present work is to carry out an parametric study on the spread of
flames in a concurrent turbulent forced flow with the main objective of determining
the effect of external flavvelocity and turbulence intensity on the flame spread rate,
and inferring from the experimental measurements the influence of flow turbulence

on the different mechanisms controlling the spread of the flame.

4 3 Experimental Arrangement

The schematic of the experimental installation for concurrent flame spread
tests is shown in Fig. 4.1. The flav velocity and turbulence intensity are measured
and monitored with the LDV system. The fuel surface temperature histories are
measured with thermocouples at eight equal-spaced locations along the centerline of
the PMMA sample, from which the propagation rate of the pyrolysis front is
determined. A Schlieren imaging system of large light beam size is used to replace
the interferometer used in the opposed flame spread experiments because the whole
reacting region is of interest in s case. Thermally thick PMMA sheets are tested

in the experiments.

44 Experimental Results

The measurements of the flame spread rate over PMMA sheets as a function
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of concurrent air flow free stream velocity are shown in Fig. 4.2 for several values of

flow turbulence intensity. The spread rate is calculated as an average of the values
deduced from the consecutive thermocouple throughout the specimen length and
from different tests. Neither apparent increasing nor decreasing trend is observed
from the local measurement and consequently, the spread rate is considered as time-
independent over the test sample, which is in agreementwith the results of [70] [76].
The forced flow velocity tested ranges from 1to 4 m/sec. Measurements for flow
velocities smaller than 1m/sec are not made because buoyancy casts strong influence
on the flame spread process at low flow velocities. For velocities larger than 4
m/sec, extinction signs start to appear at the upstream leading edge, especially for
large turbulence cases, which makes accurate measurements difficult.

It is seen from Fig. 4.2 that the concurrent flame spread rate increases with
the flow velocity monotonically for all turbulence intensity levels tested. At low
turbulence flows, the flame spread rate has an almost linear dependence on the flow
velocity, which agrees with the results for laminar flow flame spread [76]. The
monotonic increase of the flame spread rate with the flow velocity is predicted by
most models of concurrent flame spread [7]and is consistent with heat transfer
processes in forced flovflat plate boundary layer (77]. As the flow velocity increases,
the thickness of the boundary layer, and consequently the flame stand-off distance,
decreases. As a result, the heat flux fran the flame to the solid fuel surface is
enhanced and the flame spread rate is increased.

The dependence of the concurrent flame spread rate on the turbulence
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intensity is presented in Fig. 4.3. It is found that the spread rate decreases as the
turbulence intensity increases, and that the effect is more pronounced for larger flaw
velocities. The dependence of the flame spread rate on the turbulence intensity is
almost linear for the velocities tested. These results are very interesting and
somewhat surprising since this mode of flame spread is controlled by heat transfer
from the flame to the fuel, and it is well known that turbulent boundary layer heat
transfer is stronger than the laminar flow one. The results are important not only
because they introduce new aspects about the flame spread process not previously
predicted, but also because it may have significant influence in the application of

flame spread formulas in models of real fire development.

4.5 Discussion

In order to understand the characteristics of the experimental results, it is
helpful to examine the mechanisms determining the spread of the flame. As previous
experimental and theoretical studies have indicated, the heat transfer from the flame
to the solid fuel is the dominant controlling mechanism. A simple energy analysis
applied to a control volume in the unburned solid fuel downstream from the pyrolysis
front yields an expression for the flame spread rate [48] that seems to describe well
the process under investigation.

The solid phase can be assumed as a semi-infinite medium, which can be
justified by comparing the heat conduction time and the time for the flame to spread

over the entire length of the fuel sample. The conduction time is calculated as:
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toonduction = d/4@, ~ 4000 sec

where d and «, are the thickness and thermal diffusivity of PMMA fuel sample. And
the flame propagation time is in the order of
toropagation = L/ Y, ~ 200 sec

The propagation time is one order smaller than the conduction time, therefore, the
semi-infinite approximation is valid in this case. Since the temperature gradient in
the longitudinal direction is much less than that in the normal direction, further
assumption of one dimensional conduction is made for this problem. Therefore, the
solid phase problem is considered to be governed by a transient, semi-infinite, one-

dimensional heat conduction equation as follows:
or _  &T (4.1)

with the initial and boundary conditions:

T(x, t=0) =T,

T(x=e, t) =T,
oT

Y L
ax]--o b

where T, is the mnitil temperature and q; is the heat flux at the solid surface. The

solution for the surface temperature (x=0) is [78]:



2q,/at/®
T TLk/_

Let the surface temperature be the pyrolysis temperature T, and assume that
the relation between the flame length and flame spread rate is simply as
l, =V, xt
then an expression for the flame spread rate can be obtained as

2
v, - 2ak 42)
rkpc(T, - T)?

where kp¢ are the thermal properties of the solid. This equation indicates clearly
that the flame spread rate is dependent on the flame length and heat flux from the
flame at the fuel surface.

The flow velocity and the turbulence intensity can affect the flame spread rate
through the heat flux and the flame length primarily, although other mechanisms are
also possible. Therefore, it is important to determine how each property changes
under different flov conditions. The flame length and the heat flux have not been
measured directly in this study. However, an approximate estimation of their values
can be deduced from the fuel surface temperature histories. The flame length can
be obtained by determining the position of the flame tip under which the surface
temperature starts nisig. It should be noted that the resulting length is not
necessarily the actual visible flame length, but the length of the elevated temperature

region ahead of the pyrolysis front. For simplicity, this length is called flame length
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here. Using this method, the variation d the flame length to the pyrolysis length

ratio with the flow velocity and turbulence intensity are determined, and presented
in Fig. 44 and 4.5, respectively. The ratio of the flame length and the pyrolysis
length is found to be approximately constant along the PMMA surface, and the value
presented in the figures corresponds to an average of all the calculated ratios from
eight locations. From Fig. 4.4 it is seen that the flame length to pyrolysis length ratio
increases approximately linearly with the flow velocity although the rate of increase
is smaller for high turbulence intensity. Fig. 45 shows that for all flow velocity
tested, the flame length to pyrolysis length ratio decreases as the turbulence intensity
increases.

Schlieren images taken during the flame spread tests are used to confirm the
effect of flow turbulence on the flame length and the thermal boundary layer. A
typical sequence of Schlieren pictures are presented in Fig. 46 for the flow of
velocity of 2 m/sec and turbulence of 1%b6,5%, 15%. The images show that the
thermal layer has the characteristics of a flat plate forced flow boundary layer with
its thickness increasing With the distance from the upstream leading edge. It is also
seen that the strong inducement of cold air into the flame zone by the flow
turbulence, which reduces the reaction zone temperature.

The flame shortening can be the result of either quenching or enhancement
of the combustion reaction. In the former case, the strong inducement of cold air
into the reaction zone, and the interaction of the cold solid wall with the flame, could

guench the reaction downstream where the fuel is less abundant and consequently,
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(a) U =2m/sec, v/U = 1%

(b) U =2m/sec, v/U = 5%

Fig. 4.6 Schlieren images describing the flame characteristics in
concurrent air flows of 2 m/sec and varied turbulence
intensities.
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shorten the flame. In the latter case, the possibly increased mixing of the fuel vapor
and oxidizer could enhance the reaction, consumes the fuel faster and ends the flame
sooner [79]. Visual observation during the experiments suggests that the former
factor may be more dominant, which is later confirmed by the exhaust gas
concentration measurements. The major species O,, CO,, CO and unburned
hydrocarbons in the combustion exhaust flow are measured to determine how
thorough the chemical reaction proceeds. A good indication of the completeness of
the gas phase chemical reactions is the CO concentration in the exhaust flow, which
is presented in Fig. 4.7 and 4.8 for two flow velocities of 1 and 4 m/sec under
laminar and turbulent conditions. The horizontal coordinate is chosen as the flame
front position from the leading edge for easier comparison between two cases. It is
seen that at the same velocity, more carbon monoxide is generated in the high
turbulence flow than in the lower turbulence one. Similar trend has also been
observed at other flow conditions with different flow velocities. This observation
seems to suggest that the chemical reactions are less complete for flows with larger
turbulence intensity. Therefore, it canbe inferred in the cases studied that the strong
turbulence quenches the flame, and as a result, the flame length is shortened and the
flame spread rate decreased.

Another important parameter in the problem is the surface heat flux of the
unburnt solid downstream from the pyrolysis front. The heat flux has been calculated
fram the surface temperature histories by assuming that the fuel behaves as a semi-

infinite solid exposed to a constant surface heat flux. It is found that the product
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qflp‘/2 keeps an approximately constant value through the entire surface, in qualitative
agreement with the forced flow boundary layer heat transfer predictions [80]. The
calculated variation of the heat flux with the flow velocity and turbulence intensity
is shown in Fig. 4.9 and 4.10. The heat flux data is an average value of those
obtained over the fuel surface and corresponds to that received by a surface element
that is midway between the flame tip and the pyrolysis front. The results show that
the product of the surface heat flux and the pyrolysis length increases monotonically
with the flow velocity although the increase is less prominent for higher turbulent
intensities. For a fixed flow velocity the product increases with the turbulence
intensity.

In order to verify the predicting capability of EQ. (4.2), a new expression of

that equation is used as :

12\2
v. - 4L rdly (43)
xkpc(T, - T)?

where 1, is the pyrolysis length.

All the data presented in Fig. 42, 45 and 4.10 have been combined to
produce the overall result shown in Fig. 411, where the non-dimensional flame
spread rate deduced from Eq. (4.2) is plotted versus the turbulence intensity for dl
the flov velocity tested. It is Seen that the correlation of the measurements is
remarkably good considering the simplificationsmade in the derivation of Eq. (4.2)
and the diversity of the measurements. The deviation from unity in the non-

dimensional flame spread rate and the scatter on the correlation are attributed to the
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indirect determinationaof the flame length and surface heat flux, and the uncertainty

of the pyrolysis temperature. The results of Fig. 4.11 in conjunction with the results
from other figures corroborate the above arguments that the shortening of the flame
length with the turbulence through quenching is the primary reason for the observed
reduction of the flame spread rate as the turbulence intensity increases. The good
agreement between the measured and predicted flame spread rate confirms that the
heat transfer from the flame to the solid surface is the dominant controlling

mechanism in the concurrent flame spread process in forced turbulent flows.

46 Conclusion

The results of this study show that flow turbulence has a strong influence on
the flame spread process in the concurrent flow. The turbulence reduces the flame
spread at the flow velocities tested, mainly through the shortening of the flame length
by quenching. Both the observed shorteningof the flame length and decrease of the
flame spread rate as the turbulent intensity increases are significant new observations
that may have an important impact in fire modeling since the prediction of flame
lengths and flame spread rates as functions of the environmental conditions is the
foremost concern in the development of room fire studies and the establishment of
material flamability tests.

The limitations of this experimentalwork such as specimen size, indirect data
for heat transfer and flame length, etc., have not allowed the extraction of more

accurate information about the problem. For example, a convection based heat
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transfer analysis applied to EJ- (4.2) predicts

T, - T.)?
Vv, = C( f v) lf. uz (4.3)

(Tv - Tl)z k’ l;-h

where the surface heat flux has been taken as q; = CRe*Pr/*(T, - T,)/1, according
to boundary layer theory. Thus, if 1,/1, remains constant along the fuel surface,
Eg. (4.3) predicts a constant spread rate that increases linearly with the flow velocity
for laminar flow, and one that accelerates as it spreads over the solid surface and has
a power law dependence on the flow velocity for turbulent flow. The present data
does not show an acceleratingtrend in turbulent flow perhaps because the data is not
detailed enough for such an analysis, due to the above indicated experimental
limitations. However, it should be noted that in this work the free stream is relative
small and that turbulence is generated by introducing vorticity in the downstream
free stream flow. Thus, the classical heat transfer approach may not be totally
appropriate unless an eddy related Scale is introduced in the problem. More detailed
work is needed to determine the actual process through which the flow turbulence
affects the flame process.

Given the potential impact of the present results on the theoretical prediction
of the spread of flames, it is important to extend the work to the study of other
aspects of the process. For example, it is important to know how turbulence affects
the flame spread process in a vitiated environment, or how the characteristicsof the
flow turbulence (free flov or boundary layer turbulence) may quantitatively affect the

rate of spread for a given turbulence intensity. Also important is to know if and
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how turbulence affects the rate of mess burning in the pyrolyzing region, the rate of

soot production and the radiative properties of the flames.
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Chapter 5 Mass Burning of a Solid Fuel Surface

5.1 Introduction

Solid fuel mass burning is defined as the combustion process taking place
behind a pyrolysis front, which causes the fuel surface to recede into itself. A
simplified schematic of mass burning is illustrated in Fig. 5.1 for the pyrolyzing region
of a solid combustible surface in a external flow. Heat is transported from the
diffusion flame to the condensed fuel surface through convection and radiation to
maintain the pyrolysis of the fuel. The resulting fuel vapor mixes and reacts with the
oxidizer from the gas flow in the combustion region. The mass burning process
sustains itself by the energy released in the reacting zone, and assists the further
spreading of the accompanying flame. As a typical non-premixed combustion
process, the solid fuel mass burning has been considered [S] to be controlled
dominantly by heat and mass transfer, even though other mechanisms can be
important in some special cases.

The surface regression of a solid combustible burning in a convective oxidizing
gas flow is an important subject in problems related to the development of fires,
materials processing and rocket propulsion. Parameters in a mass burning process
that are of particularly importance and often studied in fire research include surface
regression rate, flame height or length depending on the configuration of the
problem. Especially important is the burning rate that often determines the heat

release rate, and smoke and CO emission, among others, which in tumdetermine the
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growth rate of the fire and its potential hazard. The distinction between the

regression rate and the flame spread rate studied in the previous chapters must be
made to clarify the two different processes which often intertwine in real cases. The
velocity at which the fuel surface recedes perpendicular to itself along the portion
bathed by flame is the normal surface regression rate or surface burning rate, and
the velocity at which the boundary of the burning area moves along the fuel surface

is the flame spread rate.

52 Literature Review

A large number of theoretical and experimental studies have been conducted
of laminar and turbulent burning of a flat surface. The analytical solution of the
problem is mostly obtained by using coupling functions in gas phase energy and
species equations as often practiced in many other diffusion flame problems. By
introducing coupling function and applying proper interface conditions, the governing
equations can be greatly simplified and often solved with similarity solutions.

The first attempt using the coupling function concept wes made by Burke and
Schumann [81] on the problem of flame locations in concentric duct burners. More
detailed analyses were made by Shvab (82] and Ze¢ldovich [83] of the temperature
and velocity distributias of gas burners. Spalding [84] (85] used similar methods to
solve the problem of fuel pyrolysis caused by combustion released energy transport.
However, it was the work by Emmons [8] on the liquid fuel surface burning that

established the foundations for the modem theoretical modelling of the mass burning
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process of condensed fuels. Emmons’ work addressed the problem of a flat plate

consisting of evaporating fuel burning in a laminar flow. The fuel vapor convects
along the surface and diffuses away from it until it is mixed with oxygen and is
sufficiently heated to bum. Infinite fast reaction rates are considered, and therefore,
the combustion zone can be simplified as a thin sheet. Boundary layer flow is also
assumed due to the configuration of the problem. The assumptions also include
Lewis number and Prantle number being unity, among others. The governing
equations are uncoupled by the use of Shvab-Zeldovich variables and similarity
solutions are obtained for the distributions of temperature, flow velocity and species
concentrations in the florv. The regression rate of the fuel surface can be readily

deduced from the boundary condition,

PV: | Rel®
pU

where V, is the surface regression rate and U is the flav velocity and p, and p are
the densities of the gas and the solid fuel, respectively. The equation above indicates
that the non-dimensional regression rate is proportional to the square root of the
flow Reynolds number for laminar flows. The dependence of the regression rate on
the flov oxygen concentration and fuel thermal properties, namely the dependence
on the mass transfer B number of the problem has also been determined, which
displays a monotonically increasing trend. More advanced work on condensed fuel
burning has been following the similar methodology used in this work with some

alterations for the specific problem.
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In fire related mass burning problems, the most frequently studied is the

burning of a thick wall in vertical configuration under natural convection flow
conditions. The solutions usually consider the transport characteristics and flame
structures of two regions: the pyrolysis zone, where the wall material decomposes to
provide gaseous fuel for the fire; and the wall plume region above the pyrolysis zone,
where combustion is further completed and the fire generated plume decays by
mixing with the ambient gas and heat loss to the wall. Initial effort in [63] [64] is
aimed at the laminar flow problem by using the similar methodology as in [8]. A
similarity theory for the natural convection boundary layer adjacent to a vertical flat
plate is developed in [64] for large temperature variations, of wall mass transfer and
of boundary layer combustion. The theory is used to calculate the flame stand-off
distance and proved to be in good agreementwith the experimental results for alpha-
cellulose cylinder burning, and therefore confirms the validity of the analysis. A
more generalized theoretical treatment is developed in [63] for the free-convective
laminar burning of vertical, inclined and horizontal cylindrical surfaces, with the
assumptions of one-step chemical reaction, no radiation and unity Lewis number.
The solution shows that the laminar burning rates are governed by both fluid
mechanical and chemical effects. The fluid effects (or geometric effects) are
described by the Grashof number, and the chemical effects are described by the mass
driving force B, the stoichiometry coefficient and the surface temperature. The

burning rates are computed over a wide range of situations and the results show that

the mass-transfer driving force B is the most dominant chemical parameter. The
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theoretical predictions from this analysis agree well with experimental data except

for the higher molecular weight fuels. The related laminar flame plume region
problem is analyzed in [86] {87].

The gas phase chemical reaction rates in the analysis above are generally
assumed as infinite fast, resulting in flame sheet approximation in the reaction zone.
The radiation heat transfer is usually not considered in those analysis either. Since
such a model does not contain any mechanisms which can cause extinction the
solutions are unable to predict the flammability limits even though the results may
be sufficient to predict the mass burning rate. The first step is taken in [88] to
predict the extinction limit for vertical surface burning by considering the effect of
radiation on wall fires while retaining the flame sheet approximation. It is found that
even in the limit of an infinite chemical reaction rate, extinction is obtained when
sufficient surface radiation is included. However, when the results are applied to
PMMA burning in O,/N, mixtures, the predicted extinction limit (Y,, = 0.12) b
significantly lower than the measured value of 0.18, which indicates additional factors
are presumed to affect the extinction. In [89] the finite rate chemical reaction is
used for gas phase and the effect of chemical reaction is determined on the mass
burning rate and flame extinction limit. As indicated by more complete work on this
subject [90], the predicted mass burning rate with finite rate is essentially
independent of the assumed chemical reaction rate except for small difference when
the flame is close to extinction. Thus, simpler flame models are sufficient to provide

accurate results when only burning rates are concerned. It is also found that for solid
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fuels with high surface temperature while burning, the predicted burning rate has a

strong dependence on the heat loss from the surface due to thermal radiation. The
extinction limits are sensitive to a combination of the assumed chemical reaction rate
and the radiative heat loss from the fuel surface. This leads to extinction occurring
at different flame temperature for different combinations of fuel size and ambient
oxygen concentration. This analysis can also be used to predict a minimum oxygen
concentration which will sustain burning.

The turbulent mass burning in wall fires has also been intensively investigated.
Ahmed and Faeth [91] have used an integral model developed in [92] to provide an
expression for mess burning rate. Radiation heat transfer is not considered in this
analysis. Relatively low turbulence intensity is assumed in the mode, which implies
that products of fluctuating quantities are small in comparison to products of mean
quantities, when integrated across the flow. Empirical information is required to
represent friction and heat and mass transfer at the wall for the theoretical model.
Assuming completely turbulent flow from the lower edge of the wall, the average
burning rate for a smooth wall is obtained. Alg found is the average burning rate
for laminar flaw from the integral model. Therefore, a united correlationof laminar
and turbulent mass burning rate is obtained, which is compared with various
experimental data Wit satisfactory result. The integral models also provide good
estimations for flame length, which indicate that flame lengths for laminar wall fires
axe 2 to 3 times longer than those for turbulent flows. For the flame plume region,

a mixing length model is used to simulate the turbulent flow and an expression for
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wall heat flux is obtained. The integral model is also used in [93] [94] to predict the

wall pyrolysis rate, the mass flow rate and the maximum velocity and the maximum
mean gas temperature for turbulent wall fires. A simple algebraic model is
developed in [95] to discuss the difficulties for employing integral models for
turbulent diffusion fires, and to further understand the possible simplifications for
more involved models.

Numerical solutions of turbulent mass burning are provided in many studies
including [89] [90] and [95] - [97]). The main differences among these studies lie in
the treatment of the turbulent flow involved. In [96], a k-e-g model is utilized for
the turbulent flow in a wall injection problem, which simulates mas burning
processes. The turbulence energy k and its dissipation rate € are calculated by
means of transport equations which are solved simultaneouslywith the conservation
equations for the mean flow. A probablistic combustion model is developed for the
reacting species, which introduces the influence of species mass fraction fluctuation.
The burning rate obtained is related to the turbulent characteristic and the mass
burning rate. Further effort in tis direction [97] has incorporated radiation effect
on the wall fires together With turbulent flow. A modified version of the k-e-g model
of turbulence is used to calculate the rate of burning of large-scale vertical walls
where radiation heat transfer is significant. The standard k-e-g procedure is
generalized by the introduction of algebraic formulas for the stresses and the
mass/energy turbulent fluxes, and by the use of wall correction factors. Two models

for predicting flame radiation are employed: the "constant-X" approach, according
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to which the *radiatiorpower is a constant fraction of the energy liberated per unit

time by chemical reaction, and the "soot-band concept, which postulates that
radiation is emitted by a thin, constant-temperature layer of particles at flame fronts.
Calculation of a radiation-controlled paper wall fires has been used to evaluate the
performance of two models for the radiation emitted by the luminous flames. It is
found that better agreement with experiment can be obtained with the soot-band
model than with the constant-X model of radiation. Turbulent reacting wall plumes
are also studied in [98] which considers a diffusion flame fueled by a source at the
base of a wall by using a k-e-g model, in [99] with a integral model and in {100] with
a mixing length model. In spite of the large amount of work on the turbulent wall
fires, more accurate models are still in demand due to the complication introduced
by the turbulent flov.

Much experimentalwork has alsobeen conducted on the vertical wall burning
problem. The laminar fllav tests have been carried out in {63] - [65]. In [63], vertical
oriented cylinders of alpha-cellulose and birch-wood are used as fuels with air as
oxidizer. Experimental measurements of the flame standoff distance are reported
and support the similarity hypothesis used in the analysis of the same work with good
agreement Wilh the theoretical predictions. Experimental measurements of mass
burning rates are correlated with the measured flame-plume heights for both
materials by use of the Froude number. The test scales in the experimental studies
above are usually quite small. To simulate real fires realistically, larger scale tests

have been performed [58] [91] [101] [102], where the naturally-induced flows are
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turbulent and the radiation from the flame is the dominant heat transfer mechanism.

PMMA sheets of 3.5 m high have been tested in [$8] [102]. The mess burning rates
and heat fluxes at the surface are measured as functions of the vertical position. It
is found that the burning rates increase nearly linearly with the height along the fuel
slab. Radiative heat transfer is found to account for 75 to 87 percent of the total
heat flux to the burning surface. The gray flame assumption of the analysis is
confirmed by the agreement between theoretical predictions and experimental
measurements of radiative fluxes from the flame to the surface. Turbulent natural
convection fires are also simulated in [63] by 51-305 mm high wicks with methanol,
ethanol and propanol. Measurements are made of burning rates in the pyrolysis
zone, radiative and convective heat fluxes to the wall and profiles of mean flow
velocity, temperature and concentrations in the flow. It is found that the non-
dimensional mass burning rate increases with the free convection Rayleigh number
and the increase slope is more pronounced in turbulent flows than in laminar ones.
The surface heat flux decreases with the distance fran the surface leading edge as
the result of the flame movang away from the surface. It is also found that radiation
comprises only 10to 20 percent of the heat flux to the surface in the tests probably
due to low soot content in the flames. The role of buoyancy direction is investigated
in [101} on steady turbulent fires over a wide range of mass transfer driving forces,
B. It is found that three principal burning modes exist based on the inclination
angle: turbulent pool fires, upward turbulent burning and cellular ceiling fires.

Steady burning rates decrease rapidly with inclination within the pool regime,
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followed by a more gradual decrease with inclination angle within upward turbulent

burning region. This trend is ascribed to the decreasing direct gravitational
generation of turbulent Kkinetic energy, causing a reduction in the turbulent flame
thickness with their reduced radiant fluxes. Radiation is found to exceed convective
heat transfer to the fuel surface for B number larger than one. At large B numbers
the burning is increasingly radiation-dominated as convection decreases due to heat
blockage.

All studies presented above have concerned the mass burning process of fires
in natural convection flows. Relatively less work has been reported on the forced
flow fires, among which are [103] - [105]. In [103] [104], a one-dimensional Couette
flov is assumed and the turbulent flow is treated with the concept of effective
viscosity of Van Driest's formulation [106]. The influence of coupled convective,
conductive and radiation heat transfer has been taken into account in the theoretical
model. Regression rate of the solid surface is measured as a function of the oxygen
and air flow rate. The mass burning rate increases with the forced flov rate and
strongly depends on the oxygen concentration or more generally, onthe mass transfer
B number. In [105] an analysis is developed for mixed, forced, and free combustion
on a flat fuel surface of arbitrary inclination that makes use of the laminar boundary
layer approximation to describe the gas flow and of the flame-sheet approximation
to describe the gas-phase reactions. A mixed-convectionparameter (Re*Gr™)"/? that
properly scales the dependent and independent variable fields and a mixed

convection ratio (Gr™/Re®)!/? that plays the role of the downstream local similarity
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coordinate are introduced in the non-dimensionalization of the equations. It is
shown that these two parameters, rather than the standard Reynolds number and
Grashof number are the optimum choice of governing non-dimensional groups for
this problem. The problem with a horizontal surface is solved in the analysis by
selecting m = 2 and n = 5, and therefore obtaining a similarity solution of the
governing equations. The mass burning rates, velocity and temperature profiles and
other flow parameters can then be readily solved. More rigorous integral solutions
is possible with this formulation while both the boundary layer and flame sheet
approximations are disregarded.

Another area related to the present work is the study of hybrid rocket fuel
combustion. Unlike normal erosive burning in solid propellent rocket motors where
the premixed combustion is usually assumed in the gas phase, the hybrid rocket
combustion has similar characteristicsto those in wall burning problems, even though
the later is more concerned with the fire related properties. The configuration of a
hybrid rocket engine is basically similar to that of a regular solid rocket, where a fuel
surface is exposed to the hot, reacting gas flow, except that the mixed fuel and
oxidizer solid propellent of the latter is replaced by a pure solid fuel. A vaporized
oxidizer streams axially through the core of the solid fuel, and after ignition the gas
phase cambustion of the oxidizer and fuel provides the heat necessary to vaporize the
fuel. Combustion is then self-sustaining, and the combustion products are raised to
a high temperature. Among many studies published to date on turbulent flow hybrid

fuel rocket burning problem are those of Marxman and others [107] - [109]. In[107],
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boundary layer flow and flame sheet approximationsare used for the formulation of

the problem with the surface regression rate as a boundary condition. Empirical
friction coefficientis used to derive an explicit expression for the regression rate,
which depends on flow velocity and the characteristics of the fuel and oxidizing flow.
More general formulationis considered in [108] and the surface burning rate is found
to depend on B number substantially. The formula for the regression rate is
improved in a more recent work [110] with a new theory and the resulting equation
agrees well with experimental data. It should be noted that the studies on hybrid
rocket engines are more concerned with conditions of very high temperature,
pressure and oxygen concentration that are not frequently encountered in
conventional fires.

As mentioned before, relatively fewer studies have been conducted on the
forced turbulent flow mass burning in the field of fire research and insufficient
experimental data are available of the qualitative dependence of the mass burning
rate on the flow velocity and turbulence intensity in a forced flow. Since many
practical fires develop in wind-aided, turbulent environment, it is of great interest to
investigate this problem and obtain necessary information for accurate material
flammability test.

The turbulence in some studies mentioned above are either
buoyantly-generated as in vertical wall fires or shear-generated as in rocket engine,
and the flow structures are usually very complex since turbulence generation and

dissipation occur simultaneously. Another alternative to study flow turbulent effects
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is to introduce the turbulence artificially into the flow by means of a grid or

perforated plate placed perpendicular to the flow direction. In grid-generated
turbulent flow, the mean velocity gradient is small so that the flow structure can be
considered as isotropic and homogeneous, and therefore, also relatively easier to
characterize and to model theoretically. It is helpful to use simple turbulence flow
such as grid flow to determine the relations between the flow and the flame [111].

This work presents a systematic study of the mass burning process of a solid
fuel in a forced grid-generated turbulent air flow with the goal of experimentally
determining the effects of the external flow velocity and turbulence intensity on the
nmess burning process. The experiments focus on the measurements of the surface
regression rates and further effort is made to obtain the proper correlations between

the regression rate and the flow parameters.

5.3 Experimental Arrangement

The experimental facility in this work is very similar to that described in
Chapter 4 and the schematic of the setup can be seen in Fig. 4.1. The flow velocity
and turbulence intensity are measured and monitored with a one-dimensional LDV
and the surface temperaturesare measured at eight locations. The experiments focus
on the burning of P MM A sheets after the diffusion flame has spread over the fuel
surface. The surface regression rates at a series of locations on the fuel center line
are obtained from the thickness difference of the fuel slab before and after the

burning and the effective burning time. Schlieren system is used to obtain qualitative
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information of the reacting gas flow.

54 Experimental Results

The measured surface regression rates of PMMA sheets are shown in Fig. 5.2
to 5.5 for four different flow velocities of 1,2, 3, 4 m/sec. The regression rates are
presented as functions of downstream distance from the flame leading edge for
several turbulence levels. It is found that the functional dependencies of the
regression rates on the downstream distance are similar for dl the flow conditions.
The regression rate decreases with the distance from the upstream edge of the
PMMA sample, which is in qualitative agreement with the theoretical predications
for flat plate boundary layer mass burning. In a mass burning process, heat transfer
from the flame to the solid determines the rate of solid pyrolysis, and consequently
of the mess burning rate, as the result of fast chemical reaction assumption for the
combustion region. Since the flow boundary layer grows thicker downstream the
flame moves away from the surface, the heat transfer by convection to the solid is
reduced downstream. Therefore, the surface regression rate decreases as the
distance from the P MM A sheet leading edge increases, which is confirmed by the
experimental data. It is also found that the decreasing slopes of the measured
regression rate curves with the distance become more pronounced as the flow
turbulence increases.

The results of Fig. 5.2 to Fig 5.5 also show that the flow turbulence affects the

surface regression rate substantially, and that the regression rate value can increase
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more than two times when the turbulence intensity is increased from the lowest to

the highest level. The turbulence usually affects the mass burning process by
enhancing the mixing processes. Some qualitative information about the turbulence
effect can be obtained fran Schlieren images of the reacting zone and thermal
boundary layer. Two Schlieren images are shown in Fig. 5.6 to illustrate the
characteristic difference between a laminar flow and a turbulent one. In the laminar
flow, it is observed that the flame is relatively smooth and stable. As the flow
turbulence is increased, the flame becomes much more unstable and stronger
turbulent vortexes curl the flame and bring the flame closer to the fuel surface.
From the photographs, it can be inferred that the mixing becomes more thorough
and more heat is transferred to the fuel surface at higher turbulence intensities
because of the proximity of the reaction zone to the fuel surface, and that this is the
primary reason for the observed regression rate increase with the turbulent intensity.

The air flow velocity effect on the regression rate along the PMMA sheet is
presented for one turbulence intensity of 1096 in Fig. 5.7. It is seen that the surface
regression rate is an increasing function of the flow velocity. Similar results are also
obtained at other flow turbulence intensity levels. The characteristics of the
regression rate dependence on the flow velocity is in qualitative agreement with the
predictions fram boundary layer mass burning analysis[8] [112]. As the flow velocity
increases, the boundary layer becomes thinner and the flame moves closer to the fuel
surface. The result is an enhancement of the convective heat transfer from the flame

to the fuel, and therefore, is an increase of the regression rate.
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5.5 Discussion and Data Correlation

The qualitative agreement between the regression rate measurements and the
predictions of the boundary layer analyses suggests the existence of a correlation of
the experimental data in terms of non-dimensional variables that can be extracted
from these analyses. In Fig. 5.8, the surface regression rate data is presented in
terms of the non-dimensional burning rate pV,/pU and the Reynolds number, as
proposed by Emmons [8] for laminar flow mess burning process. The gas flow rate
Is used to non-dimensionalize the surface mess burning rate. The data correlated are
for all the flow velocities tested and the turbulence of 1, 10 and 20%. It is found
that the non-dimensional regression rate pV,/pU decreases with the flow Reynolds
number and increaseswith the turbulence intensity. From Fig. 5.8 it can be observed
that for a given turbulence intensity level, the regression rate data correlate well with
the selected non-dimensional parameters not only for laminar flow with low
turbulence intensity, but also in flows with higher turbulence. This observation
indicates that the turbulence intensity should be included in one of the non-
dimensional parameters in the correlation.

In this regard, the analysis of [113] for the convective heat transfer in a
turbulent stagnation point flow, provides a potential method to incorporate the
measured flav turbulence intensity in an analyses of the present mass burning
problem, and to deduce the proper non-dimensional parameters in order to correlate
the experimental data. Following the analysis in [113], an eddy kinematic viscosity

is defined in the form of
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- a(%/)Uy (5.1)

where a is a constant and y is the distance from the surface. The formulation
assumes that the eddy viscosity is proportional to the turbulence in the free stream
and to the distance from the vall. The assumption of unity turbulent Prantle and
Lewis numbers is also made, and therefore the thermal diffusivity and species
diffusivity have the same form as the viscosity in Eg. (5.1). The shear stresses, and
heat and mess fluxes are then expressed in terms of the laminar quantities with
addition of the turbulent eddy contribution. With the coordinate origin at the
upstream fuel sheet edge, the flat plat boundary layer conservation equations that

describe the gas phase problem can be written in the form

du a[
udu t pyv— = “lp(p + &7 1 (53)
PPax oy eyl dy
9z az _ o YA
— — D cm— + — (5.4)
pu—— + pv ay 7y .p(a e) 3y

where Z is the mixture fraction [S] formulated in terms of the Shvab-Zeldovich
temperature and species coupling functions. The infinite chemistry is assumed for
the gas phase reactions. The boundary conditions for the above governing equations
arethatatx = 0,y =e;u =U,v=0,andZ =0, and thataty =0;u = 0,and Z

= 1. The mass burning rate is given by



m” = pV, = (& * &)L

'where the convective surface heat flux is given by

& = A, - ) Z)
y=0

Introducing the similarity variable

dy

n =Y,‘£
vX
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and assuming that there is a local similarity solution of the problem such that the

stream function can be expressed as

¥ = /vUx f(n)

and the mixture fraction as

Z=-Z()

Eqs. (5.2) to (5.4) are reduced to the similarity form

3

1+a

rl,\
\U)

(
v

\U)

with boundary conditions

and

Re,”n

Remn

X

L

/
P a[l)Re:nf” s Xeen _
U 2

] /
y AR [—;—f + a[%)ke,m] Z =

f(0) = f/0) = 0 fi(=) = 1

(5.5)

(5.6)
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Z©O) =1 =) = 0 (5.7

The non-dimensional mess burning rate is then given by

mLx _ , 1pdZ

l(Tf _ Tp) - Rex ah-o

From Egs. (5.5) to (5.8), it is seen that the solution of the problem has as

(5.8)

’ 1/2
parameter the product (v’/U)Re,/* and therefore that the value of (3Z/ 3n)n=0

and consequently of the mass burning rate, will be a function of this flow parameter.
Thus, it can be inferred that (w’/U)Re,'/* should be the proper parameter to
correlate the experimental data of forced turbulent mass burning process since it
describes the flow characteristics through the turbulence intensity and Reynolds
number, and appears as a parameter in the solution of the governing equations of
the problem.

Correlation of the laminar flow surface regression rate data in terms of the
non-dimensional mass burning rate ( Eq. (5.8) ) and the square root of the number
Is presented in Fig. 5.9. The laminar solutions of a flat plate boundary layer ness
burning can be found i [5] [8] [112]. It is seen that there is a linear dependence
between the two non-dimensional parameters as predicted by the theoretical models
of the problem. From the experimental data, the following expression is deduced

forthe mess burming rate
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m’Lx
AT, - T)

= 0.28 Rel? (5.9)
which is very similar to relation between the Nusslt number and Reynolds number
obtained in non-reactive laminar flows for the surface Nusslt number (80].
Correlationof the turbulent flow surface regression rate data according to the
predictions of Eq. (5.8), gives an approximately linear dependence between the non-
dimensional mess burning rate and the square root of the turbulent flow parameter,
i.e,, (u'/U Re,°%)", although the data is somewhat scattered. The scatter of the data
is reduced if a 0.8 power is used in the Reynolds number, rather than the 0.5 power
as predicted in the anlysis. The better correlation brought by 0.8 power seems
reasonable since in non-reacting turbulent flows, it is also found that the Nusslt
number correlates with the 0.8 power of the Reynolds number {80]. The results of
the correlation of the turbulent flow regression rate measurements in terms of the
non-dimensional mess burning rate ( EQ- (5.8) ) and the new turbulent flow
parameter ((u’/U)Re02)s is presented in Fig. 5.10 for dl tests conducted. It is seen
that dl the experimental data correlates well with these non-dimensional parameters
and apparently there is a linear relationship between them. From Fig. 510, the
following explicit expression is deduced for the mass burning rate in turbulent flows

_m'Lx 4.5 [Re:" (.‘.’.’]r G.10)
MT,-T,) U

This empirical formula provides the relationship between the mass buming rate and
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the fuel and oxidizing flow properties, and corroborates the potential predictive

capabilities of the theoretical model introduced above.

The correlation of the data in terms of convective heat transfer parameters
in this work indicates that for these particular experiments, radiation heat transfer
from the flame to the solid only has a secondary role. It should be noted, however,
that the scale of these experiments is small. As the size of the fuel sheet is
increased, the radiation heat transfer from the flame will become increasingly
important. The model introduced above could be extended to include flame
radiation effects approximately by adopting the approach utilized in [%] of the

analysis of the burning of large vertical valls in turbulent, natural convection flows.

56 Conclusion

Conducting mass burning rate experiments with non-charring, homogeneously
burning solid fuel in a forced flow with artificially induced turbulence, has made it
possible to determine the effect of the flow parameters on the mass burning rate, and
to obtain information useful in the development of theoretical models of solid fuel
burning in turbulent flows. The results of the experiments show that flow turbulence
can have a strong effect on the mass burning rate and that thiseffect is due primarily
to the enhancement of the convective heat transfer at the fuel surface caused by the
flame fluctuations. Correlation of the data shows that this effect can be expressed
in terms of a flov turbulent parameter that includes both the Reynolds number and

the turbulence intensity. It also shows that the boundary layer model that considers
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infinite chemistry and incorporates the flow turbulence through an eddy viscosity and
diffusivity may be used to predict burning rates, at least in turbulent flows with a

turbulent structure similar to that generated with grids.
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Chapter 6 . Ceiling Flame Spread and Mass Burning

61l Introduction

Solid fuel flame spread and mass burning in a ceiling configuration are most
frequently encountered in fires occurring inside buildings. The spread of fire and
subsequent mass burning of a solid combustible in ceiling geometry, as shown in Fig.
6.1, have many similarities to those of the more frequently studied floor problems
discussed in previous chapters. The major differences between the ceiling and floor
case are caused by gravity. The buoyancy effects are different in these two cases
because of the opposite acting direction of the gravity. The extent of buoyancy effect
depends on the geometrical configuration, physical size of the fire, and the external
flow conditions of the particular problem involved. Buoyancy can affect both heat
and ness transport processes and gas phase chemical reactions, hence changing the
characteristics of the flame spread and mass burning process. For a diffusion flame
in the horizontal direction, the up-lifting force of buoyancy drives the flame upward,
which alters the flame position relative to the fuel surface and the heat transfer to
the solid, and also introduces the conditions which may cause the flame more prone
to extinguish. Buoyancy can also influence the flow pattern by changing the velocity
and turbulence distributions. In general, buoyancy can play an important role in
flame spread and mass burning processes, as in many other combustion phenomena

with relatively low flow velocities.
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62 Literature Review

Burning characteristics of solid materials, particularly polymeric materials
under real fire conditions are important for fire safety research. In many occasions,
polymeric materials are used in buildings as upholstery fillings and various interior
furnishings including floors, walls and ceilings. A large number of studies have been
conducted on the problem with floor or vertical wall configuration, as reviewed in
previous chapters. However, only a few studies have concentrated on the other
surface orientations such as a ceiling.

One of the initial studies on ceiling burning was carried out by Blackshear and
Murty [114]). The combustion rate of variations of methyl alcohol burning is
investigated on ceramic wicks of various shapes, sizes and orientations. Orloff and
De Ris [115] [116] have studied ceiling combustion using a porous burner to simulate
the pyrolysis gas ejection from the solid and liquid surfaces. Their experimental
device allows the reproduction of a wide variety of heat and mass transfer modes.
In [115], heat and mass transfer is scaled with the ceiling size and the fuel B number.
It is shown that the non-dimensional mass burning rate can be correlated for
significant variation in diameter and fuel-inert composition with B number and the
1/5 power of the Grashof number, which is also used to describe the natural
convective flav. The non-dimensional flame standoff distance is obtained for various
conditions and found to increase with the B number. It is also found that ceiling fire
in quiescent air generates a cellular instability of Rayleigh type with internal flow of

fuel vapor. Further study [116] deals with large scale ceiling fires which are
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characterized by cellular and turbulent flames. It is shown that the non-dimensional

burning rate is essentially controlled by the B number, which characterizes the
chemical properties of the combustion process. The burning rate per unit area
appears to be independent of both the surface area of the ceiling and the depth of
the flame zone. The studies above provide helpful information of the
phenomenology for this type of combustion. However, none of these experiments
uses real solid fuel and takes into account of the occurrence of softening, fusion,
evaporation and pyrolysis, dl processes which are closely related to the burning
characteristics of solid materials.

The major work dealing with ceiling combustion of polymeric materials in
natural convection conditions is carried out by Ohtani et al. [117]} - [119]. These
studies have treated ceiling burning of various kinds of PMMA pieces: square pieces
with flat bottom surfaces [117], pieces of circular and rectangular sections burning
in transverse direction [118]. In [117], it is found that the surface regression rate is
almost constant during the combustion period. For either of the sample pieces, the
regression rate decreases as the characteristic length of the test samples (the
diameter or width of the pieces of the test sample section) increases and that the

relation between them can be approximately expressed &s:

V, =aL®® +p
where a and b are constants; b is estimated to be finite and negative . However, as
the sample dimension increases to a limiting length, the steady ceiling surface

burning can not sustain, as inferred from the equation. The characteristicsof ceiling
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burning have been compared with those of floor burning. It is found that the surface

regression rate of the former is only one third of the latter. From the temperature-
time diagram in ceiling burning, a distinct sub-layer, which can not detected in floor
burning, is found to exist between the solid and the gas phases. The properties of
this sub-layer can be considered different from those of the solid or gas phase. A
phenomenological argument has been developed to elucidate the difference. It is
also shown that as the test sample dimension increases, the distance fram the
material surface to the flame front increases and that a limiting dimension s inferred
when the convective heat flux to the surface becomes comparable to the radiative
heat flux fran the surface.

Experimental work on ceiling burning has also been conducted in [120] with
PMMA disks burning freely in air. The mass loss of the samples is measured as a
function of time. As in previous studies, convection is found to be the dominant
mode of heat transfer. It is observed that the combustion rate and the flame stand-
off distance increases as the sample dimension increases, which show the importance
of the heat convection. The influence of imposed external radiative flux in addition
to the flame radiation has also been considered in the experiments. It is found that
the buming rate Increaseswith the imposed radiative fluxes. However, for a given
sample dimension, the increase in the rate vanishes as the imposed radiative flux
increases. It is due to the increased heat-blocking effect on the convective flux by
the enhancement of the blowing of the gases leaving the surface. The measurements

of concentration and temperature profiles have als been performed to reveal that
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the flame position shifts toward the surface as samples size decreases, which is

consistent with the results from the previous experimental work and theoretical
predictions.

An analytical solutionis sought in [115] for laminar ceiling fires to predict the
mass burning rate and flame stand-off distance, and a non-dimensional formulation
of the governing equations and boundary conditions are obtained. The results show
that the laminar problem scales as the 1/5 power of Grashof number, which arises
as a result of gravity acting normal to the horizontal ceiling. Similarity solution is not
found for the equations, instead, a Polhausen technique is used to solve the general

equations. The mass burning rate is found &s:

m’ = CG:”’B
PrL

where L is the dimension of the sample and C is a constant. The analytical solution
is found to be in good agreement with the experimental results. In [120], a numerical
analysis has been carried out on the bottom stagnation region combustion of
cylindrical and spherical PMMA pieces under natural convection. The gas
temperature, gas velocity, and species profiles across a flame established at the
bottom stagrationregion and the surface regression rate are examined for each case.
The analysis has studied the effect on the surface mass burning rate of the difference
of the diffusion coefficient of the prolysis gas from that of other species and the
radiative heat exchange at the material surface. The numerical results are compared

with the experimental data for cylindrical PMMA burning, yielding good agreement.
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The radiative heat exchange is also estimated in this study using a simple

formulation. The equations are developed by making the assumption that only the
gasifying surface and not any of the gases between the radiative source and the
surface absorbs radiation; the radiation term appears only in the boundary conditions
to the problem. More detailed radiative properties are calculated in [121] for a fully
developed laminar diffusion flame over the ceiling of disks of PMMA. The results
show that for combustion driven by natural convection, the contribution of radiative
heat transfer to the burning rate is a "negative" contribution: the solid surface emits
much more heat by radiation than it receives from the gas phase. This effect of
surface re-radiation allows one to interpret the previously observed linear correlation
between combustion rate and characteristic dimension of the samples. In the case
where additional radiative flux is impased, the contribution to the burning rate by
radiationbecomes "positive"and this contributionincreases logically with the increase
of the additional flilx. An enhancement of the heat blocking effect of the heat
blocking effect of the convective flux can be observed simultaneously.

Also related work includes the studies of mixed convective burning of a fuel
surface in arbitrary inclination [105] [122] and buoyancy effect on downward flame
spread in high oxygen concentration [123].

All the work above has considered the problem of ceiling burning in natural
convection condition. A recent work [124] by Mekki et al has experimentally studied
the laminar forced flaw flame spread over wood and PMMA in the ceiling

configuration. It is found that the flame front changes nearly linearly with the free
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stream velocity as predicted by the theoretical models for laminar flow. It is also

observed that the pyrolysis nmess flux decreases with the downstream distance near
the leading edge and then becomes almost constant for both wood and PMMA,
which is used to argue that the steady state mass burning is not achieved in the far
downstream region. However, it is considered that the flame spread rate is well
predicted by the models that use Emmons’ solution in the burning zone.

Scarce fundamental information on this subject and the potential effect that
buoyancy has on the ceiling burning have provided the motivation for this work. The
objective of the present work is to carry out a systematic study of ceiling flame
spread and mess burning in a forced turbulent fllav,and to determine the controlling
mechanisms of the flame spreading and burning process in ceiling configuration by
comparison of the ceiling results with those obtained fram previous work on the

related floor problem.

6.3 Experimental Arrangement

The schematic of the experimental setup is shown in Fig. 62. As in previous
chapters, the LDV system is used to determine the flow patterns and the
thermocouples are used for the solid surface temperature histories. The Schlieren
system is utilized to provide qualitative information of the reacting flow. A major
addition in the ceiling study is the employment of the oxygen detector and the
infrared gas analyzers which measure the species concentrations in the gas exhaust

flow. The concentration results can be used to determine the completeness of the
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gas phase chemical reactions and to infer the buoyancy effect on the chemical

Kinetics.

The ceiling configuration is achieved by turning the test section upside down
from the initial position for the floor experiments. The flame spread rate and mass
burning rate are measured as functions of flow parameters. Some additional

experiments are also performed to supplement data for the floor configuration.

6.4 Flame Spread Rate
6.4.1 Velocity and Turbulence Biect

Measured flame spread rates over PMMA sheet surface in the ceiling
configuration are shown in Fig. 6.3 versus the free stream flow velocity and in Fig.
6.4 versus the flow turbulence intensity. The flow velocity used i the experiments
ranges fran 0.25 to 45 m/sec. Small flow velocities ( < 1m/sec ) are applied in
this study because the buoyancy effect is expected to be more significant at flows with
small convectionforce. The turbulence intensity ranges from 1%6to 15%. No higher
turbulence level is applied due to the difficulty in generating high turbulence at kav
flow velocities.

From Fig. 63, it can be seen that the ceiling flame spread rate increases with
the flavvelocity for dl turbulence intensities tested, which agrees with the boundary
layer theory and the results fram the floor experiments. As the flow velocity
increases, the main flow tends to push the boundary layer and the flame as well to

move closer to the fuel surface, and therefore, the heat transfer from the flame to
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PMMA sheet is enhanced, which intensifies the pyrolysis process and increases the
flame spread rate. It is also observed from Fig. 6.3 that the increasing slope of the
flame spread rate is larger for flows with lower turbulence intensities.

The flow turbulence affects the ceiling flame spread rate quite significantly.
From Fig. 6.4, it is seen that the flow turbulence causes the ceiling flame spread rate
to decrease for flow velocities larger than about 1m/sec, which is consistent with the
previous observations of the floor flame spread rate. The decreasing effect of the
turbulence can be explained primarily as the result of a shortened flame length by
higher turbulence intensities as discussed in Chapter 4. However, for flows with
velocities less than 1m/s, the flow turbulence intensity seems to have an opposite
effect on the ceiling flame spread process, which is to increase the flame spread rate
slightly. This increasing effect is not observed in the floor tests. At low flow
velocities, the flame length itself is very srall and the shortening effect of turbulence
diminishes. As turbulence intensity is increased, larger and stronger eddies generated
by the high turbulence may bring the flame closer to the fuel surface and increase

the heat transfer to the solid, and subsequently the flame spread rate.

6.42 Buoyancy Effect

The concurrent flame spread process over solid combustible is mainly
controlled by the heat transfer from the flame to the solid surface as demonstrated
in many studies on the floor problem. The buoyancy effect on the flame spread

process can be studied by investigating its influence on each of the controlling
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mechanism that affects the heat transfer process. Always lifting flames upward, the

buoyancy pushes the flame closer to the top surface in the ceiling flame spread and
moves the flame away from the bottom surface in the floor case. Therefore, the
buoyancy could affect the flame spread rate in following ways. It could change the
magnitude of the heat transfer from the flame to the solid surface by changing the
distance between the flame and the solid surface, which would result in an increased
heat flux in ceiling and a decreased one in floor. Consequently, the flame spread
rate should be enhanced in the former case and hindered in the latter. The effect
of pushing the flame too close to the solid surface could quench the flame in the
ceiling burning by large heat loss to the cold wall. The mass transport process could
be altered by the buoyancy due to the different uplifting force in each configuration
on the hot surface fuel vapor and the air of lower temperature, which could change
the characteristics of the flow field, especially the flow turbulence intensity. The
overall buoyancy effect on the flame spread process should be the combined
influence of all the above factors. Whether the buoyancy enhances or inhibits the
flame spread process depends on which effect is the most dominant in a particular
test condrtion.

In Fig. 6.5, the flame spread rates fram typical case of the floor and the
ceiling experiments are presented together for comparison. Two turbulence levels
of 1%and 15% are used to represent low and high turbulence cases, respectively.
It is seen that for flows Wit velocities larger than 1 m/sec, the flame propagates

faster in the ceiling configuration than in the floor case,which is more noticeable for
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high turbulence intensities. This result seemsto be caused by enhanced heat transfer

from flame to solid fuel in the ceiling case. The flame in the ceiling configuration
is visually observed to be closer to the fuel surface than that in floor case, as shown
by Schlieren images of Fig. 66. The flow conditions for these two images are U =
2 m/sec and u’/U = 1.1%. In the ceiling case, the thermal boundary layer is seen
to be thinner than the floor one and the flame to be closer to the fuel surface. As
the flow velocity increases, the natural convection effect is expected to become less
significant compared with the forced convection force. The measurements show that
for dl turbulence levels, the spread rate difference between the two cases becomes
smaller as the flow velocity increases.

For the flows slower than 1m/s, however, an opposite trend is observed. The
flame propagates at a slower rate in the ceiling than in the floor, which indicates that
mechanisms other than heat transfer may become more important under low flow
velocity conditions under low flow velocity conditions. During the experiments, it is
observed visally that in the low flow velocity range, flames in the ceiling spread are
very weak and display a distinct blue color, unlike in the floor case where yellow
color flames are alvays observed. SInce in combustion reaction the blue color is
mainly emitted by the CO spectrum at low temperature and the yellow flames are
caused by soot at relatively high temperature, s observation suggests that the flame
in the ceiling configuration may be near extinction due to heat loss to the wall. The
complex-molecule chains of PMMA break down under the heat from the flame and

produces single molecules which go on to react with the oxidizer. Under favorable
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conditions, the complete overall chemical reaction should be

C,H,0, + 5(0, + 3.76N,) - 3CO, + 4H,0 + 5x3.76N, (6.1)
If the reaction takes place under unfavorable conditions such as large heat loss or

insufficient oxygen, the reaction becomes incomplete and CO starts to occur:

C,H,0, + 3.5(0, + 3.76N,) - 3C0 + 4H,0 + 35x3.76N,  (6.2)

which releases much less energy than Eg. (6.1). In order to investigate the
combustion completeness in each case, the exhaust gas concentrations are measured
under various flow conditions. Some typical results are shown in Fig. 6.7 to Fig.
6.14., which present the major species concentrations as functions of the pyrolysis
front position. The pyrolysis front position is chosen here as the horizontal
coordinate for simplifying the comparison among different cases. It is determined
by multiplying the measured flame spread rate with the test running time. The major
species O, CO, CO, NO and unburned hydrocarbons in the gas flows are measured.
The concentration of NO is not presented in the figures because of its srall value
of less than 5 ppm. Fig. 6.7 and 6.8 show the concentration results in the ceiling and
floor tests for laminar flow of U = 05 m/sec. It is found that in the ceiling flame
spread, much more carbon monoxide and unburnt hydrocarbons are detected than
in the floor case as shown in Fig. 6.7, while less oxygen is consumed and less carbon
dioxide is generated in the ceiling flame spread than in the floor case as shown in
Fig. 6.8. These trends of the exhaust gas concentrations have also been observed

under other conditions of flow velocity and turbulence intensity as shown in Fig. 6.9
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to 6.14. From these measurements, it can be concluded that at least for the flow

conditions tested, the chemical reactions are less complete in the ceiling flame spread
than in the floor. A good indication of the completeness of the combustion is the
CO and unburnt hydrocarbon concentrations. For the floor case the unburnt
hydrocarbon is almost undetectable in all the flows including low flow velocity cases
as shown in Fig. 6.7. On the other hand, for flame spread in ceiling configuration,
the unburnt hydrocarbons are found in all flow conditions, even at velocities as high
as U =4 m/sec.

One of the main reasons for a weaker chemical reaction in ceiling flame
spread is the quenching effect of the wall since the flame is pushed much closer to
the fuel surface by buoyancy in the ceiling case, which results in a larger heat loss
and a lower flame temperature. Poor mixing is another important mechanism
causing weaker combustion in the ceiling configuration. In the ceiling flame spread,
the vorticity generated on the wall is damped by the uplifting flow induced by the
buoyancy. And the hot fuel vapor tends to stay at the top and cold air stays under
the flame and it is possible that insufficient oxygen in the reaction zone inhibits the
exothermal reactions to proceed completely. In the floor case, the buoyancy raises
the flame from the surface considerably, which favors the gas mixing and
subsequently burming of the fuel vapor, and alsd provides stronger radiation heat
transfer from the flame to the solid fuel, facilitating more complete chemical
reactions. The buoyancy also introduces additional instability to the gas flow in the

floor flame spread which enhances the mixing in the reaction zone. This
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phenomenon is particularly evident at low flow velocities. The result is that the

ceiling combustion takes place under local under-ventilated conditionswith cold wall
quenching effect,which endows a slower flame spread rate. The conclusion obtained
above can be used to explain the flame spread rate variation in the ceiling and floor
case at low Flowelocities. The effectof buoyancy on the chemical reaction seem
to become the dominant mechanism and determines the magnitude of the flame
spread rate at flows with lower velocities. The combustion is less complete in the
ceiling case and less heat is generated, as a result, the flame spreads slower in the
ceiling configuration than in the floor one.

From the experimental observations, it is seen that the buoyancy seems to
have two opposite and competing effects on the ceiling flame spread process. At
relatively high external flow velocity, more oxidizer flows through the combustion
area and supplies sufficient oxygen to the reacting zone and also enhances the
gaseous mixing, and therefore, the gas phase chemical reactions can proceed
relatively thoroughly. The main buoyancy effect at high flow velocities is then
determined by the enhanced heat transfer to the fuel due to the reduced distance
fram the flame to the solid surface, which results in a larger ceiling flame spread rate
than the floor one. As the flow velocity decreases, the incompleteness of the
chemical reaction caused by cold wall quenching and poor mixing becomes the
dominant factor to the ceiling flame spread process, resulting in a slower propagation
of flame in the ceiling configuration than the floor one. The transition appears to

occur at the flow velocity around 0.75 to 1 m/sec for the tests in 1S study.



186
65 Mass Burning Rate

6.5.1 Velocity and Turbulence Effect

The surface regression rates for four flow velocities U = 1 to 4 m/sec are
presented in Fig. 6.15 to 6.18, as functions of the downstream distance from the
flame leading edge and the flow turbulence intensity. The regression rates in the
ceiling burning display similar characteristics as those in the floor configuration. As
seen in these figures, the ceiling surface regression rate decreases with the
downstream distance for dl the flow conditions as a result of thickening thermal
boundary layer and decreasing heat transfer fram the flame to the solid surface in
the flow direction.

The dependence of the regression rates on the flow velocity can been seen
from Fig. 6.19, which compare the surface regression rate results for different
velocities with similar flow turbulence intensity. As the flow velocity increases, the
growth of the boundary layer along downstream distance is hindered and the flame
is pushed closer to the solid fuel surface. Therefore, the convective heat transfer is
enhanced and the mass burning rate is increased. Similar result is also observed for
other turbulence intensities.

It is also observed that the turbulence intensity has significant effect on the
ceiling mass burning process. The experimental results of Fig. 6.15 to 6.18 show that
the ceiling surface regression rate increases with the flow turbulence intensity, which
is in qualitative agreement With the results of the floor mass burning. Larger

turbulence creates stronger eddies which enhance the heat and mass transport
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process, and therefore increases the mass burning rate. However, the enhancing
effect of the flow turbulence on the ceiling burning is not as strong as in the floor
configuration.

Empirical correlations for non-dimensional mess burning rate and flow
parameter are sought for the ceiling case as for the floor problem in Chapter 4. The
results are shown in Fig. 6.20 for laminar flow and Fig. 6.21 for turbulent flow. The

laminar correlation is

m’Lx

— =X -032Re”? 6.3
AT, - T,) x (63)
and the turbulent correlation is
.5
% S 4.1 |Re?® v (6.4)
A(T, - T,) U

It is observed that the data points are more scattered in the ceiling than in the floor

due to the influence of the buoyancy.

6.52 Buoyancy Effect

Comparison has been made between the ceiling and floor regression rates to
seek the difference of comtrolling mechanisms in the two mass burning processes.
It is presented in FIg- 6.22 the regression rates of ceiling and floor burning for flav
velocity of U = 2 m/sec and turbulence intensities of 1% and 15%. Similar
characteristics of the surface regression rate in both cases are also obtained in other

flow conditions. It is seen that at low flow turbulence intensity, the ceiling regression
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rate is larger than the floor one. The buoyancy seem to enhance the heat transfer

fran the flame to the solid by moving the flame closer to the fuel surface in the
ceiling burning, resulting in an larger ceiling surface regression rate. As the free
stream turbulence intensity increases, the enhancing effect of the buoyancy on the
ceiling regression rate gradually diminishes. Eventually the ceiling surface regression
rate becomes smaller than the floor one as shown for flow turbulence intensity of
15%. In flows with high turbulence intensities, the strong flow commotion takes the
flame closer to the solid surface, reducing the flame stand-off distance in both the
ceiling and floor test. The advantage of the buoyancy enhancing heat transfer as for
low turbulence intensities becomes less important. The buoyancy effect on chemical
kinetics replaces the heat transfer enhancing mechanism and become the more
dominant controlling mechanism for high turbulence intensities. From the
measurements of the species concentrations in the exhaust flow, it is inferred that the
chemical reactions are less complete in the ceiling burning than in the floor,
therefore resulting in a smaller heat generation and slower flame spread rate in the
ceiling configuration. The exhaust gas concentrations are observed to maintain
relatively constant during the mass burning process. The typical results are presented
in Table 61 for CO and Table 6.2 for unburnt hydrocarbons under different flow
aordrtios. It can be seen that more CO and unburnt hydrocarbons are detected in
the ceiling than in the floor while less oxygen is consumed and more CO is produced.

The species concentration results support the argument that the ceiling mass

burning has less complete chemical reactions than the floor one, which results in a
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Table 6.1 Comparison of CO concentrations in nass burning process

for floor and ceiling geometries.

II CO Concentration (ppm)

r /U = 1% u'/U = 15%
ceiling floor ceiling floor
72 430 B 69
4 344 55
6 40 30

Table 62 Comparison of hydrocarbon concentrations in mess buming

process for floor and ceiling geometries.

meY e  ——

Unburnt Hydrocarbon Concentration (ppm)

/U = 1% u'/U = 15%

floor ceiling floor
 —
0 177 0
0 47 0
0 7 0

197
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smaller ceiling surface regression rate at high turbulent flow. The overall buoyancy

effect is determined by the relative magnitude of the enhanced heat transfer from the
flame to the solid surface and the less complete chemical reactions in the ceiling

case.

66 Conclusion

An experimental study is conducted to investigate the controlling mechanisms
of solid fuel flame spread and mass burning in ceiling configuration. The results
show that the ceiling flame spread and mass burning have many similar
characteristics as those observed in the floor case. However, the existence of
buoyancy introduces significant difference to the problem, especially in the low flow
velocity conditions. The most interesting result is the buoyancy effect on the gas
phase chemical kinetics and the flame stand-off distance. It is found that the
chemical reactions are less complete in the ceiling than in the floor, mainly by
insufficient mixing and wall quenching in the ceiling. It is also observed that the
buoyancy pushes the flame closer to the solid surface in the ceiling and liftsthe flame
away fram the surface in the floor burning. These two buoyancy mechanisms have
opposite effects on the ceiling flame spread and mass burning process, the former
enhancing and the latter hindering. Both mechanisms of buoyancy can be important
on the flame spread rate and mass burning rate and the overall effect depends on the
flow conditions. The experimental observation suggest that at low flow velocities and

high turbulence intensities the hindering effect (slower chemical kinetics) is the
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dominant controlling mechanism, while in high flow velocities and low turbulence
intensities, the enhancing effect (smaller flame stan-off distance) becomes more
important. The difference between the ceiling and floor results diminishes as the
flow velocity is increased.

Since the chemical kinetics controlling mechanism seem to be important in
the ceiling problem, the frequently used thermal models may need modifications to
account for the buoyancy effect, at least in the low flow velocity cases. The
experimental results indicate that care should be taken when using data obtained
either in the floor or ceiling configuration to model or predict the spread of fire and

in the flammability testing of materials.



200
Chapter 7 . Conclusions and Future Work

7.1 Summary of Results

A systematic experimental study has been carried out to investigate the
controlling mechanisms of solid fuel flame spread and mass burning in turbulent
flows. The primary interest has been focused on the effect of flow velocity,
turbulence intensity and buoyancy on the flame spread rate and the surface
regression rate. The experiments are conducted in both opposed and concurrent flav
conditions with the solid specimen in floor and ceiling configuration. PMMA sheets
are used to represent the thermally thick solid fuel for all the experiments and the
filter paper sheets are used in the opposed flov flame spread tests as a
representative of thermally thin fuels. Flow velocity and turbulence intensity fields
are measured with a one-dimensional Laser Doppler VVelocimeter operating in duel-
beam, forward-scattering mode. An array of thermocouples are placed on the solid
fuel sample surface to measure the surface temperature histones fran which the
flame spread rate can be obtained. Interferometry and Schlieren photography are
utilized to acquire qualitative information of the reacting flor. In addition, infrared
gas analyzers are employed to study the completeness of gas phase chemical
reactions. The flame spread rate and the surface regression rate are measured as
functions of the flow velocity and the turbulence intensity. From the experimental

data, the following main results are obtained.
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Opposed flow flame spread

@

2)

(3)

The flame spread rate of thermally thick PMMA sheet increases initially with

the flowvelocity, reaches a peak value and then decreases as the flow velocity
increases further. The flow turbulence effect is to increase the flame spread

rate initially and then decreases it at high turbulence intensity. The transition

occurs at about v’/U = 6%.

The flame spread rate of thermally thin paper sheet decreases monotonically,
with the flow velocity and turbulence intensity.

The flow turbulence has a significant effect on the flame extinction conditions.

The wvelocity at which the flame extinction occurs decreases with the

turbulence intensity.

Concurrent flow flame spread

@

@
©)

The flow turbulence has a strong influence on the concurrent flow flame
length, surface heat flux, and on the flame spread rate. The most interesting
result is that the fllow turbulence decreases the flame spread rate, which is
mainly caused by the shortening of flame length at high turbulence intensity.
The flame spread rate increases with the flow velocity.

The experimental data of flame spread rate, flame length and surface heat flux
agrees well with the formula obtained from a simplified thermal model Eq.
(4.3), indicating that the heat transfer from flame to solid surface is the

dominant controlling mechanism in the turbulent concurrent flame spread
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process and the gas phase chemical reactions is only of secondary importance.

Solid fuel mass burning

(1)

)

©)

The solid fuel surface regression rate decreases with the downstream distance
and the flow velocity in both floor and ceiling configuration.

The flow turbulence increases the surface regression by enhancing the mixing
and bringing the flame closer to the solid surface.

Empirical correlations between non-dimensional surface regression rate and
the non-dimensional flow parameter are obtained as Eqgs. (5.9) and (5.10),
which show the possibility of incorporating the flow turbulence intensity

explicitly in non-dimensional analysis and numerical simulations.

Buoyancy Effect

(1)

2

The buoyancy has two competing effects on the ceiling flame spread and mass
burning process. It enhances the beat transfer from the flame to the solid
surface by pushing the flame closer to the valll. And at the Same time, it
causes the gas phase chemical reactions to proceed less completely in ceiling
than in floor through insufficient gas mixing and cold wall quenching.

The overall buoyancy effect is the combined influence of these two

mechanisms and is determined by the flow conditions.
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72 Future Work

Given the potential impact of the results of the present study on the
theoretical prediction of the solid flame spread and mass burning, and on the
practical applications such as fire controlling and material flammability testing, it is
important to extend the work to the other aspects of the problem. For example, it
is interesting to know the turbulence length scale effect on the flame spread and
mess burning and the radiation characteristics in turbulent flows of large scale
problems. The buoyancy effect on the gas phase chemical reactions at low flow
velocities needs to be further investigated, which can be accomplished by varying the
oxygen concentration in the gas fllaw, creating different chemical kinetics conditions.
Also interesting is the numerical simulation of the problem. The gas phase of the
problem may be solved by using random vortex formulation and Navier-Stokes
equations with simple chemical kinetics while the solid phase can be treated

relatively simply as semi-infinite.
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